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Nontypeable Haemophilus influenzae (NTHi) causes repeated respiratory infections in patients with chronic
lung diseases. These infections are characterized by a brisk inflammatory response which results in the
accumulation of polymorphonucleated cells in the lungs and is dependent on the expression and secretion of
proinflammatory cytokines. We hypothesize that multiple NTHi molecules, including lipooligosaccharide
(LOS), mediate cellular interactions with respiratory epithelial cells, leading to the production of proinflam-
matory cytokines. To address this hypothesis, we exposed 9HTEo— human tracheal epithelial cells to NTHi
and compared the resulting profiles of cytokine gene expression and secretion using multiprobe RNase
protection assays and enzyme-linked immunosorbent assays (ELISA), respectively. Dose-response experiments
demonstrated a maximum stimulation of most cytokines tested, using a ratio of 100 NTHi bacterial cells to 1
9HTEo— tracheal epithelial cell. Compared with purified LOS, NTHi bacterial cells stimulated 3.6- and
4.5-fold increases in epithelial cell expression of interleukin-8 (IL-8) and IL-6 genes, respectively. Similar
results were seen with epithelial cell macrophage chemotactic protein 1, IL-1«, IL-13, and tumor necrosis
factor alpha expression. Polymyxin B completely inhibited LOS stimulation but only partially reduced NTHi
whole cell stimulation. Taken together, these results suggest that multiple bacterial molecules including LOS
contribute to the NTHi stimulation of respiratory epithelial cell cytokine production. Moreover, no correlation
was seen between NTHi adherence to epithelial cells mediated by hemagglutinating pili, Hia, HMW1, HMW2,
and Hap and epithelial cytokine secretion. These data suggest that bacterial molecules beyond previously
described NTHi cell surface adhesins and LOS play a role in the induction of proinflammatory cytokines from

respiratory epithelial cells.

Nontypeable Haemophilus influenzae (NTHi) strains are fas-
tidious gram-negative bacteria that exist as commensal organ-
isms in the human nasopharynx (42, 48). In addition, NTHi
strains cause otitis media, sinusitis, and conjunctivitis in oth-
erwise healthy individuals (65). NTHi has also been associated
with chronic bronchitis and pneumonia in patients with chronic
pulmonary diseases such as cystic fibrosis and chronic obstruc-
tive pulmonary disease (13, 49, 65). An acute inflammatory
response and the accumulation of polymorphonuclear leuko-
cytes characterize NTHi respiratory infections. The initial
events leading to respiratory inflammation are thought to in-
volve cellular interactions between infecting bacteria and re-
spiratory epithelial cells; these bacterial-epithelial cell interac-
tions stimulate the release of inflammatory mediators (i.e.,
cytokines and chemokines) (26, 35).

Several respiratory pathogens such as Pseudomonas aerugi-
nosa, Burkholderia cepacia, Streptococcus pneumoniae, and
Bordetella pertussis produce a variety of molecules that interact
with epithelial cells and cause a secretion of proinflammatory
cytokines (10, 19, 25, 26, 29, 39, 54, 58, 63, 74, 76). These
interactions involve bacterial cell-associated and extracellular
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products that include cell wall fragments, outer membrane
proteins, autoinducers, pili and flagella, and secreted mole-
cules. The bacterial molecules that are capable of perturbing
cytokine networks are called modulins (26, 74). In response to
bacterial modulins, airway epithelial cells produce inflamma-
tory mediators such as interleukin-6 (IL-6), IL-1a, IL-1B, and
tumor necrosis factor alpha (TNF-a), along with the chemo-
kines IL-8 and macrophage chemotactic protein 1 (MCP-1),
which stimulate the activation and influx of neutrophils, mono-
cytes, and macrophages (2, 5-7, 10, 19, 3941, 50, 53, 57, 62, 64).

Preliminary studies have begun to characterize the modulin
activity of NTHi and its ability to perturb the inflammatory
response. These studies have focused on H. influenzae lipooli-
gosaccharide (LOS) as a major stimulator of proinflammatory
cytokines. Recent in vitro studies showed that H. influenzae
LOS stimulated the release of IL-6, IL-8, and TNF-a from
cultured, primary human bronchial epithelial cells and TNF-a,
IL-1B, and IL-6 from human monocytes (18, 37, 38, 51). Ad-
herent, intact H. influenzae bacterial cells have also been shown
to stimulate IL-6 secretion from human macrophages and IL-6
and IL-8 from respiratory syncytial virus-infected human re-
spiratory epithelial cells (31; C. Maguire, and G. Noel, Abstr.
36th Intersci. Conf. Antimicrob. Agents Chemother., abstr.
B16, p. 24. 1996). These studies, however, have not compre-
hensively analyzed all of the proinflammatory mediators in-
volved in H. influenzae epithelial cell infection or characterized
completely the bacterial factors that influence this host re-
sponse. The aim of the present study was to examine the
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TABLE 1. Strains used in this study

Strain Capsular type Clinical origin Surface adhesins Reference(s)
AArl176p* Nontypeable Nasopharynx Pili* 14, 16
AAr176p~ Nontypeable Pili~ 14, 16
Rd Acapsular type d Pili", Hap™, Hia~, HMW 1, HMW2~ 12
ST11hia™ Nontypeable Middle ear Pili~, Hap ™, Hia®, HMW1~, HMW2~ 1
ST11hia™ Nontypeable Pili~, Hap ™", Hia-, HMW1~, HMW2~ 1
ST12hmw 172 Nontypeable Middle ear Pili~, Hap ™, Hia~, HMW1*, HMW2" 67
ST12hmw 17/2" Nontypeable Pili~, Hap ™", Hia-, HMW1~, HMW2" 67
ST12hmw 1727 Nontypeable Pili~, Hap ™, Hia~, HMW1*, HMW2~ 67
ST12hmw 17/2~ Nontypeable Pili~, Hap ™", Hia-, HMW1~, HMW2~ 67
N187hap™* Nontypeable Middle ear Pili~, Hap™, Hia~, HMW1*, HMW2" 66
N187hap~ Nontypeable Pili~, Hap~, Hia~, HMW1", HMW2" This study

relative ability of intact H. influenzae, purified H. influenzae
LOS, and specific adhesin-deficient H. influenzae to stimulate
respiratory epithelial cytokine production in vitro.

MATERIALS AND METHODS

Bacteria. Table 1 describes the bacterial strains used in this study. All bacteria
were cultured on chocolate agar (Becton Dickinson, Cockeysville, Md.) in 5%
CO, at 37°C overnight and transferred to 10 ml of Levinthal broth (brain heart
infusion broth [Difco Laboratories, Detroit, Mich.] supplemented with hemin
[100 pg/ml] and NAD [20 wg/ml]) and grown in 5% CO, at 37°C overnight to
stationary phase. Adhesin-deficient NTHi strains carrying the kanamycin resis-
tance (Kan") gene were cultured in medium containing 25 pg of kanamycin
(Sigma-Aldrich Co., St. Louis, Mo.) per ml of medium. Long-term storage of
bacteria was in sterile skim milk at —70°C.

NTHi strain AAr176p~ used is this study is a nonpiliated phase variant and has
been described previously (14).

H. influenzae strain N187hap~ was constructed using plasmid pJS104, a pT7-7
derivative that contains a 6.5-kb PstI fragment harboring a full-length hap gene
(66). pJS104 was partially digested with Bg/II, and linearized DNA was purified
and then ligated with the 1.3-kb BamHI fragment harboring the Kan" cassette
from pUC4K (72). Recombinant plasmids were analyzed by restriction mapping,
and a plasmid with the Kan" cassette inserted at the Bg/I1 site in the middle of the
hap coding sequence was designated pJS107. Subsequently pJS107 was linearized
with Bg/II and transformed into NTHi strain N187 made competent by the M-IV
method (27). Transformants were selected by growth on agar containing kana-
mycin. Southern analysis and Western immunoblotting were used to confirm that
the mutants contained an interrupted hap locus and failed to produce Hap. One
mutant was saved for further study and was designated N187hap .

Cell culture. The human tracheal epithelial cell line 9HTEo— was obtained
from Dieter C. Gruenert (University of California, San Francisco) (17). Cells
were cultured at 37°C and 5% CO, in 75-cm? tissue culture flasks (Costar Corp.,
Cambridge, Mass.) in 20 ml of Eagle’s minimum essential medium supplemented
with 10% fetal bovine serum, 1% L-glutamine, 1% penicillin, and 1% strepto-
mycin (all from Gibco BRL, Gaithersburg, Md.). The confluent, adherent mono-
layers were released from the plastic surface after treatment with trypsin-EDTA
(Gibco BRL) and split 1:4 three times a week.

Stimulation of 9HTEo— cells. Six-well tissue culture plates (Costar) were
seeded with 10® 9HTEo— cells per well in 3 ml of fresh supplemented Eagle’s
minimal essential medium and allowed to grow overnight at 37°C in 5% CO,. On
the second day, the medium was replaced with 3 ml of fresh serum-free medium
(SAGM from Clonetics, San Diego, Calif.) and allowed to grow overnight. On
the third day, cells were 95 to 100% confluent. The growth medium was replaced
with 6 ml of fresh serum-free medium. All experiments included an unstimulated
negative control well(s), a positive control well(s) containing IL-18 (20 ng/ml;
Pharmingen, San Diego, Calif.) (7), and experimental wells containing various
stimuli. Cell culture supernatant fluid and host cell RNA were isolated at various
times after the start of the experiment.

Results of dose-response experiments of cytokine expression using purified
AAr176p* whole cells and AAr176p™ LOS with 9HTEo— epithelial cells were
analyzed using regression analysis. Correlation coefficients were used to deter-
mine the linearity of epithelial cytokine responses to increasing amounts of
AAr176p* whole cells and AAr176p™* LOS.

Control experiments using the lipopolysaccharide (LPS) inhibitor polymyxin B
(Sigma) were performed to determine the contribution of NTHi LOS to the
induction of epithelial cytokines. In these experiments, IL-18 (20 ng/ml), purified
LOS from NTHi strain AAr176p* (0.21 pg/ml), NTHi strain AAr176p* whole
cells (5 X 107 CFU/ml), and sterile tissue culture medium were incubated with
increasing amounts of polymyxin B (0.05, 0.5, 5.0, and 50 pg/ml) at room tem-
perature for 30 min. The levels of polymyxin B used for these experiments were
based on studies by Hedlund et al. (23). Confluent layers of 9HTEo— cells were
then exposed to these stimuli for 16 h at 37°C in 5% CO,. After exposure, the

tissue culture fluid from the 9HTEo— cells was removed and assayed for the
presence of chemokine IL-8, using commercially available enzyme-linked immu-
nosorbent assay (ELISA) kits (R&D Systems, Minneapolis, Minn.).

LOS purification and analysis. LOS was isolated from NTHi strain AAr176p™
after growth overnight at 37°C in 5% CO, on 150-mm-diameter Levinthal agar
plates (18, 20). The bacteria were harvested from 18 plates into 180 ml of buffer
containing 10 mM Tris-HCI (pH 8.0)-5 mM EDTA buffer. S1 nuclease (20,000
U; Gibco BRL), micrococcal nuclease (50 U; Sigma) and RNase T, (40,000 U;
Gibco BRL) were added, and the digestion mixture was incubated at 37°C for
1 h. Proteinase K (5 mg; Gibco BRL) was added, and the mixture was incubated
at 65°C for 2 h. The sample was incubated on ice for 1 h, sonicated briefly on ice
to reduce viscosity, and centrifuged at 3,000 X g for 30 min at 4°C. The super-
natant fluid was transferred to dialysis tubing (Spectrum Medical, Laguna Hills,
Calif.) and electrodialyzed against Milli-Q water (Millipore, Bedford, Mass.) at
500 V for 2 h with frequent changes of water and then overnight at 100 V. The
precipitated LOS was removed from the dialysis bags, transferred to centrifuge
tubes, and centrifuged at 23,000 X g for 30 min at 4°C. The pellet was washed
once with HPLC (high-pressure liquid chromatography)-grade water, resus-
pended in HPLC-grade water, and further purified by the classical phenol-water
extraction method (73). LOS was precipitated with sodium acetate (0.3 M, final
concentration) and 2 volumes of ice-cold 95% ethanol. Pellets were washed twice
with 70% ethanol and then resuspended in HPLC-grade water. The LOS was
lyophilized, weighed, and resuspended to a final concentration of 1 mg/ml in
0.85% saline and stored at 4°C.

Purified and cell-bound LOS from AAr176p™ was analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 16% Tris-glycine
polyacrylamide gels (NOVEX, San Diego, Calif.) according to the procedure of
Gu et al. (18). Purified LOS (0.375, 0.75, 1.5, and 3.0 ng) was mixed with
SDS-PAGE digestion buffer, boiled for 10 min, and then loaded on an SDS-
polyacrylamide gel. For cell-bound LOS, 3 X 10°® CFU of strain AAr176p™* cells
was resuspended and boiled in SDS-PAGE digestion buffer and incubated with
100 mg of proteinase K (final concentration, 0.5 mg/ml; Gibco BRL) at 60°C for
2 h before being loaded (28). After electrophoresis, the gels were silver stained
and scanned with a Quickscan R&D laser densitometer (Helena Laboratories,
Beaumont, Tex.). The amount of cell-bound LOS was compared to a standard
curve generated with increasing amounts of the purified LOS (18). LOS data are
means of four different experiments. Benchmark (Gibco BRL) prestained mo-
lecular weight markers were run to estimate size of bands.

Total RNA isolation. Total RNA was isolated from the 9HTEo— tracheal
epithelial cells using Trizol Reagent (Gibco BRL) according to the manufactur-
er’s directions.

RNase protection assay. The expression of cytokine and chemokine mRNA
was determined and quantified by the RiboQuant RNase protection assay system
(Pharmingen) according to the manufacturer’s directions. The 3?P-labeled anti-
sense HL-14 probe set simultaneously detected expression of the human cytokine
IL-6, IL-1a, IL-1B, and TNF-« genes (61). The 3?P-labeled antisense hCK-5
multiprobe (Pharmingen) detected simultaneous expression of IL-8 and MCP-1
genes. Both probe sets contain the housekeeping gene 132 as an internal stan-
dard for normalization of cytokine and chemokine gene expression. A Phos-
phorImager (Storm 860; Molecular Dynamics, Sunnyvale, Calif.) with Image-
QuaNT version 4.2 software was used to measure and analyze the expression
intensity of the cytokine and chemokine mRNA species; the data were expressed
as fold increase over the unstimulated control (61).

ELISA. Secreted cytokines IL-1a, IL-6, and chemokine MCP-1 were deter-
mined by ELISA kits (CYTImmune Sciences, Inc. College Park, Md.). Biosource
International (Camarillo, Calif.) ELISA kits were used to assay for TNF-a and
IL-18. R&D Systems ELISA kits were used to assay IL-8. Comparisons of
cytokine secretion were made using Student’s two-tailed paired ¢ tests and were
calculated using Microsoft Excel 97 software.

Adherence assay. Adherence assays were performed according to the proce-
dure of Gilsdorf et al. (16). Briefly, epithelial monolayers in 96-well tissue culture
plates were fixed with 1% glutaraldehyde, washed with 0.2% Triton X-100, and
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FIG. 1. Time course of 9HTEo— cytokine IL-6 and IL-8 gene expression and secretion in response to different stimuli. Cultured human tracheal epithelial cells
(9HTEo0—) were coincubated with tissue culture medium alone (#), 20 ng of IL-1B per ml (m), 1 pg of LOS per ml (A), and 5 X 107 CFU of NTHi strains AAr176p™
(X), 11 (O), and AA238 (@) per ml. An NTHi cell density of 5 X 107 CFU/ml corresponds to a 100::1 ratio of bacteria to epithelial cells. Based on the calculations
of Gu et al. (18), 5 X 107 CFU of NTHi per ml contains approximately 1 ug of LOS per ml. Total RNA and cell culture fluid were isolated from epithelial cells after
0,1, 2, 4,8, and 16 h of coincubation with the stimulus. Levels of IL-6 (A) and IL-8 (B) gene expression were subsequently tested by multiprobe RNase protection
assays. Representative IL-6 and IL-8 time courses are shown as fold increase over the unstimulated control. Secreted cytokines IL-6 (C) and IL-8 (D) were assayed
by ELISA using commercially available kits. The results are shown as picograms of IL-6 and IL-8 per milliliter of culture fluid.

blocked with phosphate-buffered saline containing 2% bovine serum albumin.
The epithelial monolayers were then incubated with 107 CFU of biotinylated
bacteria (Sulfo-NHS-Biotin; Pierce Chemical Company, Rockford, Ill.) for 1 h,
washed, and incubated further with ExtrAvidin-peroxidase conjugate (Sigma).
The wells were developed with the enzyme substrate o-phenylenediamine dihy-
drochloride (Sigma), and the intensities of the reactions were determined at 4,9,
on a Dynatech microplate reader (Dynatech Laboratories, Inc., Alexandria, Va.).
Control wells contained epithelial cells with no bacteria. Comparisons of adher-
ence, as measured by 4,9, of the immunoassays, were made using Student’s
two-tailed paired ¢ test, calculated using Microsoft Excel 97 software.

RESULTS

Time course of epithelial cell cytokine production using
different stimuli in the normal tracheal cell line 9HTEo—. To

determine the kinetics of cytokine gene expression and secre-
tion, extended time courses were performed using the normal
human tracheal epithelial cell line YHTEo— coincubated with
different H. influenzae stimuli. Representative time courses for
IL-6 and IL-8 gene expression and secretion are shown in Fig.
1. Stimulation of 9HTEo— cells with IL-13 (the positive con-
trol), purified LOS, and NTHi bacterial stimuli showed an
initial peak mRNA response with cytokines IL-6 and IL-8
between 2 and 4 h of coincubation. A second peak of IL-6 and
IL-8 gene expression was observed after 16 h of costimulation
with the various stimuli (Fig. 1A and B). The stimulation of
epithelial cells with the stimuli showed a peak mRNA response
with cytokines IL-1«a, IL-18, MCP-1, and TNF-a between 2
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and 4 h of coincubation that decreased over the rest of the time
course with no secondary peak (data not shown). The stimu-
lation of epithelial cytokine gene expression with intact NTHi
cells generated a response greater than that seen with purified
LOS.

Secretion of cytokines from 9HTEo— cells coincubated with
different stimuli were assayed from culture supernatant fluids
using commercially available ELISAs (Fig. 1C and D). Peak
secretion of IL-6 and IL-8 was seen between 16 and 24 h after
coincubation with different stimuli. Similar secretion was seen
for cytokine MCP-1; no IL-1a or IL-1B secretion was seen
under any stimulation conditions (data not shown). TNF-a
secretion, however, rose faster than that of IL-6 and IL-8,
showing a range of 39 to 75% maximal response, compared to
a range of 1 to 17% for both IL-6 and IL-8 after 4 h of
coincubation of 9HTEo— cells with various stimuli. Similar to
the mRNA expression data, intact bacterial cells stimulated
greater cytokine secretion than the purified LOS.

As a negative control, monolayers of unstimulated control
9HTEo— cells demonstrated low levels of cytokine gene ex-
pression and secretion of IL-6 and IL-8 (Fig. 1), as well as with
cytokines IL-1a, IL-1B3, TNF-a, and MCP-1 (data not shown).
Control experiments with epithelial cells coincubated with ster-
ile bacterial growth medium or 0.85% saline demonstrated no
cytokine expression or secretion (data not shown).

Dose response of 9HTEo— tracheal epithelial cytokine pro-
duction with NTHi strain AAr176p™ whole cells and purified
LOS. To assess the contribution of H. influenzae LOS to cyto-
kine gene expression by H. influenzae whole cells, subsequent
experiments assayed RNA expression at the 4-h peak expres-
sion time. Dose-response experiments were performed with
9HTEo— cells coincubated with increasing levels of LOS pu-
rified from strain AAr176p™ and with increasing amounts of
AAr176p* bacterial cells. The levels of purified LOS used in
these experiments were chosen based on the levels used by
Khair et al. (38) (10 and 100 pg/ml) with human bronchial
epithelial cells and the levels used by Gu et al. (18) (0.01 ng/ml
to 10 wg/ml) with human monocytes. The NTHi levels used in
these experiments represent bacterium-to-epithelial cell ratios
of 1:1 to 10,000:1 and were chosen based on those used by
Bresser et al. (4). Representative graphs for cytokine gene
expression are shown in Fig. 2 and 3.

Cytokine expression stimulated by purified LOS showed a
dose response when coincubated with the epithelial cells (Fig.
2). Regression analysis of the dose-response data using puri-
fied AAr176p™ LOS resulted in correlation coefficients of 0.91
(IL-1e), 0.61 (IL-1B), 0.78 (IL-6), 0.93 (TNF-a), 0.88 (IL-8),
and 0.92 (MCP-1). The magnitude of incremental steps over
the 5-log range of doses of LOS, however, was small. The
difference in fold increase of cytokine expression between the
lowest and highest levels of LOS used (0.01 and 100 pg/ml,
respectively) ranged between 1.3 and 12.

All levels of LOS stimulated a 0.4- to 2.5-fold increase in
IL-1B8 and IL-6 gene expression over that of unstimulated
controls. In addition, a 1.7- to 5.8-fold increase was observed
with TNF-a and IL-1a, and a 7.6- to 17.1-fold increase was
seen with IL-8 and MCP-1 over unstimulated controls (Fig. 2).

Strain AAr176p™ bacterial cells also showed a dose response
with respect to cytokine gene expression (Fig. 3); regression
analysis of this response showed correlation coefficients of 0.78
(IL-1e), 0.89 (IL-1B), 0.61 (IL-6), 0.71 (TNF-a), 0.88 (IL-8),
and 0.84 (MCP-1). The peak response of all cytokines was seen
with either 5 X 107 CFU/ml (3 X 10® CFU/well) or 5 X 10®
CFU/ml (3 X 10° CFU/well) bacteria, which represented a
approximate 100:1 and 1,000:1, respectively, ratios of bacteria
to epithelial cells.
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Quantitation of cell-bound LOS on NTHi strain AAr176p™.
The dose-response studies presented above indicated that
peak cytokine expression was seen with a bacterium/epithelial
cell ratio of approximately 100:1, or 3 X 10® CFU of strain
AAr176p™ per well (5 X 107 CFU/ml). To better assess the
relative contributions of NTHi whole cells and LOS to epithe-
lial cytokine gene expression, the amount of cell-bound LOS
on 3 X 10® CFU of bacterial whole cells (the peak stimulating
inoculum) was determined. For this, the LOS of 3 X 10°
bacterial cells and increasing amounts of purified LOS were
isolated, fractionated by SDS-PAGE, and quantitated by scan-
ning laser densitometry (Fig. 4). The results showed that 3 X
10® CFU of AAr176p* bacterial cells contained 1.25 pg of
LOS. Standardizing for the amount of LOS in the inoculum,
AAr176p™ bacterial cells showed significant levels of cytokine
gene expression over that of the purified LOS (Table 2).

To determine the contribution of LOS in the total YHTEo—
cellular response to AAr176p™ cells, polymyxin B, which binds
to LOS and neutralizes the endotoxic activity, was used as a
control (Fig. 5) (23, 37). Polymyxin B at all levels (0.05 to 50
pg/ml) did not affect IL-8 secretion when added to 9HTEo—
cells with and without IL-1B. All levels of polymyxin B blocked
the secretion of IL-8 from 9HTEo— cells in the presence of
purified LOS from NTHi strain AAr176p™. Incubation of
AAr176p™ cells with increasing amounts of polymyxin B (0.05
pg/ml to 50 pg/ml) showed a 55.8 to 73.7% reduction in
9HTEo— IL-8 secretion compared to AAr176p™ cells without
polymyxin B (Fig. 5).

Stimulation of epithelial cell cytokine production by adher-
ent NTHi. Adhesive interactions between bacterial pathogens
and mucosal epithelial cells have been shown to play a key role
in the stimulation of epithelial cytokine production (9, 10, 26,
35, 74). Several NTHi adhesins that mediate adherence to
epithelial cells have been described (15, 59). To assess the role
of NTHi adherence in the stimulation of respiratory epithelial
cytokine production, sets of wild-type and adhesin-deficient
NTHi strains, representing five different adhesins, were first
tested for their adherence to respiratory epithelial cells. H.
influenzae strain Rd, which lacks the genes for pili, HMW1,
and HMW?2 and contains a truncated, nonfunctional gene for
Hia and a mutated, nonfunctional gene for Hap, was used as a
minimal adherence control (Table 1) (12). In this assay, adhe-
sin-proficient strains adhered significantly better to YHTEo—
cells than adhesin-deficient strains for all adhesins tested (P <
0.0001) (data not shown).

To assess the role of adhesin-epithelial cell interactions to
stimulate cytokine production, representative NTHi wild-type
and adhesin-deficient strains were coincubated with 9HTEo—
cells for 16 h before the culture supernatant fluids were har-
vested and assayed for secreted cytokines. Secreted IL-8 and
IL-6 were chosen as models for cytokine secretion and were
assayed from the epithelial culture supernatant fluid; the data
for IL-8 secretion are presented in Fig. 6.

No significant differences in IL-6 or IL-8 secretion were
observed between NTHi wild-type and adhesin-deficient
strains. Both NTHi strains lacking HMW?2 showed increases in
the stimulation of epithelial IL-8 secretion compared to NTHi
strains containing HMW2. H. influenzae strain Rd, which lacks
all of the adhesins tested, showed significantly higher levels of
IL-8 secretion compared to NTHi strains containing hemag-
glutinating pili, Hia, or Hap (P < 0.05).

Taken together, these results suggest that the presence of
the NTHi cell surface adhesins HMW1, HMW?2, Hia, Hap, and
hemagglutinating pili did not stimulate epithelial cytokine se-
cretion under the conditions tested. Further, these data suggest
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FIG. 2. Dose response of 9HTEo— cytokine gene expression to increasing amounts of NTHi AAr176p™ LOS. Epithelial cells were coincubated with 0.01, 0.1, 1.0,
10, and 100 pg of purified LOS per ml from strain AAr176p™ for 4 h. Cytokine gene expression was analyzed as for Fig. 1. Cytokine IL-6, IL-1e, IL-18, TNF-a, IL-8,
and MCP-1 expression is shown as fold increase over the unstimulated control. The data shown are from one representative experiment of four performed.
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respectively, of purified LOS from strain AAr176p™.

that unidentified NTHi modulins interact with respiratory ep-
ithelial cells to stimulate cytokine production.

DISCUSSION

Mucosal epithelial cells play an active role in the host re-
sponse to microbial pathogens and act not only as a mechanical
barrier to infection but also as environmental sensors that
modulate the host immune response through the secretion of
cytokines (35, 39, 69, 74). These cytokine responses occur
through microbial attachment to specific receptors and trans-
membrane signaling, microbial invasion of epithelial cells fol-
lowed by intracellular activation, or microbial activation of
nonepithelial cytokines (69, 74). This study sought to identify
those interactions between respiratory epithelial cells and
NTHi that resulted in epithelial cytokine production and fo-
cused on epithelial cell interactions mediated by intact NTHi
bacterial cells, purified NTHi LOS, and known NTHi adhesins.

Our results showed that epithelial cell interactions with in-
tact NTHi bacterial cells and purified NTHi LOS stimulated
the early expression of the proinflammatory cytokines IL-1a,
IL-1B, TNF-a, IL-6, IL-8, and MCP-1. This early gene expres-
sion led to the secretion of the cytokines TNF-a, IL-6, IL-8,
and MCP-1; no secretion of cytokines IL-la and IL-18 was
seen. This result is not surprising since IL-1a tends to be cell
associated, and IL-1B transcription does not always correlate
with translation (11).

The secretion of cytokines TNF-«, IL-6, IL-8, and MCP-1 in
response to NTHi stimulation correlates well with the cyto-
kines found in the lungs of patients with cystic fibrosis and
chronic obstructive pulmonary disease and in the middle ear
effusions of patients with otitis media (2, 34, 45, 47, 49, 52, 53,
55, 57, 68). Further, these data correlate with studies showing

INFECT. IMMUN.

the secretion of cytokines from primary bronchial epithelial
cells in response to stimulation with NTHi LOS (38, 51).
The expression of IL-6 and IL-8 declined after the 4-h peak
to a low level of expression by 8 h followed by a secondary peak
at 16 h (Fig. 1A and B). This secondary peak of IL-6 and IL-8
gene expression was more pronounced with 9HTEo— cells
stimulated with intact NTHi bacterial cells; LOS-stimulated
gene expression fell off by 8 h and showed either no increase or
a small increase at 16 h. The secondary peak of IL-6 and IL-8
expression is probably due to the autocrine effects elicited by
the initial secretion of TNF-« (7, 35, 39, 43, 64). A recent study
by Khair et al. (39) demonstrated a similar biphasic IL-8 gene
expression pattern with human bronchial epithelial cells stim-
ulated with H. influenzae 1.OS. They also showed that antibod-
ies directed against IL-1B and TNF-« abrogated the secondary
peak of IL-8 expression (39). This secondary peak of IL-6 and
IL-8 expression may play a role in sustaining the bacterium-
induced inflammation and recruitment of polymorphonuclear
leukocytes into the respiratory tract (7, 35, 39, 43, 64).
TNF-a secretion by 9HTEo— cells in response to NTHi
whole cell and LOS stimulation rose faster than that of IL-6
and IL-8 secretion (data not shown). This, in part, may repre-
sent a selective early response by epithelial cells to bacterial
insult resulting in sustained production of other cytokines like
IL-8 and IL-6 and activation of other cells of the immune
system (7, 35, 39, 43, 64, 69). Hence, epithelial cells may act as
sensors and play a key role in the modulation of the immune
response to microbial infections (22, 35, 39). Further, IL-1 and
TNF-a have been shown to damage respiratory epithelial cells
(25, 36), and H. influenzae has been shown to preferentially
adhere to damaged epithelial cells (60, 75). Thus, cytokine-
induced respiratory epithelial cell damage may provide a
means for H. influenzae to adhere to and invade host cells.
The time courses of epithelial cytokine production suggested
that NTHi bacterial cells stimulated a response greater than
that of purified LOS. The dose-response (Fig. 2 and 3), LOS
quantitation (Table 2), and polymyxin B inhibition (Fig. 5)
experiments corroborated that observation, demonstrating
that NTHi cells elicited an epithelial cytokine response greater
than that of purified LOS. These experiments suggest that
NTHi factors, beyond LOS, contribute to the stimulation of
respiratory epithelial cytokine production. Henderson et al.
(26) have suggested that bacterial factors (i.e., modulins) be-
yond LPS play a role in the induction of cytokine synthesis by
host cells. For example, cell surface adhesins (pilin and flagel-
lin), secreted products (autoinducer and pyocyanin), and
periplasmic components (nitrite reductase) of P. aeruginosa
stimulated IL-8 production from a variety of human respira-
tory epithelial cells (8, 10, 54, 63). P. aeruginosa LPS, however,
minimally stimulated IL-8 production from the respiratory ep-
ithelial cells (10, 54). Similar results have been described for
cytokine production from human epithelial cells stimulated
with B. cepacia, uropathogenic Escherichia coli, and Helicobac-

TABLE 2. Epithelial cytokine gene expression

Mean (range)” fold increase over unstimulated control

Stimulant
IL-1a IL-1B IL-6 TNF-a 1L-8 MCP-1
IL-1B (20 ng/ml) 6.4 (4.9-9.3) 2.7(2.4-3.5) 3.4(2.5-42) 24 (2.1-2.9) 29.1 (12.5-44.8) 9.4 (5.2-25.8)
LOS (0.21 pg/ml) 0.3 (0.1-0.5) 1.5 (1.3-1.8) 1.4 (1.1-1.7) 2.8 (1.7-3.6) 11.0 (7.5-14.4) 10.1 (7.4-14.8)
AArl76p* (5 % 107 cfu/ml) 5.3 (4.1-6.3) 2.8 (2.3-3.9) 6.3 (4.6-7.0) 7.1 (4.2-9.3) 39.9 (27.7-48.9) 18.2 (15.9-23.8)
AAr176p+/LOSb 17.7* 1.9 4.5% 2.5% 3.6 1.8

¢ Epithelial cytokine stimulation was performed as for Fig. 2 and 3. Means are averages of values from six different experiments.
b Ratio of whole cells over purified LOS. Values from Student’s paired ¢ tests with P values of <0.05 indicated with asterisks.
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FIG. 5. Inhibition of NTHi LOS stimulation of 9HTEo— IL-8 secretion. Monolayers of cultured human tracheal epithelial cells (3 X 10° cells/well in six-well tissue
culture plates; serum-free culture medium) were coincubated with tissue culture medium alone, IL-18 (20 ng/ml), LOS (0.21 pg/ml), and NTHi strain AAr176p™ cells
(5 X 107 CFU/ml) with or without polymyxin B (0.05, 0.5, 5.0, and 50.0 pg/ml). Culture fluid was harvested after 16 h of coincubation with various stimuli, and secreted
IL-8 was measured using commercially available ELISAs. The results are shown as nanograms of IL-8 per milliliter of culture fluid. Error bars each represent the
standard error of the mean of three different wells each analyzed in triplicate by ELISA. Unstimulated control wells showed no IL-8 secretion.

ter pylori (21, 24, 30, 56). The present study demonstrated that
NTHi bacterial adherence mediated by hemagglutinating pili,
HMWI1, HMW2, Hap, or Hia to the tracheal epithelial cells
did not correlate with IL-8 and IL-6 secretion (Fig. 6). In fact,
the least adherent H. influenzae strain (Rd) elicited strong IL-6
and IL-8 responses from the epithelial cells, suggesting that
other bacterial modulins contribute to epithelial cytokine stim-
ulation. Jiang and Patel (31) showed that P5 fimbriae enhanced
the IL-6 and IL-8 secretion from respiratory syncytial virus-
infected and uninfected type II alveolar epithelial cells (A549).
None of the H. influenzae strains tested in this study were
known P5 fimbriae mutants. The strong epithelial cytokine
response stimulated by strain H. influenzae strain Rd could in
part be due to adherence by P5 fimbriae. Bresser et al. (4)
recently identified a heat-stable soluble factor from NTHi cul-
ture fluid that stimulated IL-6 and IL-8 production from H292
human lung epithelial cells. Approximately 70% of this cyto-
kine stimulating activity, however, was due to LOS (4).

The role of NTHi LOS in respiratory epithelial cell cytokine
production is unclear. Khair et al. (38) and Nichols et al. (51)
have shown that purified NTHi LOS stimulate the production
of proinflammatory cytokines from primary bronchial epithe-
lial cells. No comparative analyses, however, between NTHi
bacterial cells and LOS were performed in these studies to
determine the relative contribution of each to epithelial cyto-
kine production (38, 51). The present study suggests that NTHi
molecules, beyond LOS, play a role in respiratory epithelial
cytokine synthesis.

The stimulation of respiratory epithelial cell cytokine pro-
duction by NTHi LOS appears to be somewhat of a paradox.
Several reports have suggested that epithelial cells lack the
membrane bound CD14 receptor for LPS (22, 24, 39, 44).
Preliminary fluorescence-activated cell sorting analysis in our

laboratory of a variety of human respiratory epithelial cells
(e.g., A549, HEp-2, 16HBE140—, and CFTE290—) demon-
strated no cell-associated CD14 (data not shown). LPS-binding
protein (LBP), a serum-derived protein that binds LPS and
delivers it to CD14, is not present in this system since serum-
free culture media was used for all epithelial cytokine stimu-
lation assays. Further, LBP alone cannot mediate cellular re-
sponses to LPS independent of CD14 (71). Levels of
respiratory epithelial cytokine stimulation by LPS/LOS vary
greatly; this variation may depend on the bacterial source and
structure of the LPS/LOS (10, 18, 51, 54, 59, 63, 64, 70).

The actual signaling pathway for H. influenzae LOS-medi-
ated stimulation of respiratory epithelial cytokine production
remains to be determined. Three separate mechanisms, how-
ever, have been proposed in the literature. First, Li et al. (44)
suggested that as yet unidentified receptors are responsible for
LPS-dependent expression in human epithelial cells. Khair et
al. (39) postulated that the alternate receptors could include
the platelet-activating factor (PAF) receptors since PAF re-
ceptor antagonists block LPS-induced Ca** increase in plate-
lets. Alternatively, NTHi LOS may act as an epithelial cell
cytotoxin and stimulate a stress response resulting in epithelial
cytokine synthesis. LOS has been shown to act as an epithelial
cytotoxin in organ cultures of rat trachea (32). Further cyto-
kine production by the epithelial cells could then lead to fur-
ther epithelial cell damage (25, 36). Finally, Joseph et al. (33)
suggested that LPS could act as a structural analog of ceramide
and hence could stimulate host cells by mimicking the second
messenger function of ceramide.

In summary, the data presented show that NTHi possess
other modulins, beyond LOS, that stimulate the expression of
proinflammatory cytokines from respiratory epithelial cells.
Further, our studies showed that NTHi adherence to epithelial
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FIG. 6. Screening of H. influenzae clinical isolates with 9HTEo— cells for epithelial IL-8 secretion. Monolayers of cultured human tracheal epithelial cells (3 X 10°
cells/well in six-well tissue culture plates; serum-free culture media) were coincubated with tissue culture medium alone, IL-18 (20 ng/ml), LOS (0.21 pg/ml), and H.
influenzae clinical isolates (5 X 107 CFU/ml). Culture fluid was harvested after 16 h of coincubation with various stimuli, and secreted IL-8 was measured using
commercially available ELISAs. The results are shown as nanograms of IL-8 per milliliter of culture fluid. Error bars each represent the standard error of the mean
of three different wells each analyzed in triplicate by ELISA. IL-8 concentrations were 0.317 = 0.006 ng/ml in unstimulated control wells and 14.25 *+ 4.87 ng/ml in
IL-1B-stimulated control wells. NTHi strains used in this study were derived from wild-type strains AAr176p* (Pili), 11 (Hia), 12 (HMW1/2), N187 (Hap), and Rd.

See Table 1 for strain details.

cells mediated by hemagglutinating pili, Hia, HMW1, HMW2,
or Hap did not play a role in epithelial cytokine stimulation.
Epithelial cells derived from a variety of locations in the hu-
man respiratory tract have been shown to respond differen-
tially to bacterial stimuli (4, 7, 8, 10, 31, 39, 51, 54, 63, 64). Here
we have presented results using only one human respiratory
epithelial cell line (YHTEo—). Additional studies incorporat-
ing different cell lines need to be done to more fully under-
stand the cytokine response to NTHi of the entire human
respiratory tract. Future studies will focus on the identification
and characterization of the modulins from NTHi responsible
for the stimulation of a variety of respiratory epithelial cells to
secrete cytokines.
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