Haemophilus influenzae from Patients with Chronic
Obstructive Pulmonary Disease Exacerbation Induce
More Inflammation than Colonizers
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Rationale: Airway infection with Haemophilus influenzae causes air-
way inflammation, and isolation of new strains of this bacteria is
associated with increased risk of exacerbations in patients with
chronic obstructive pulmonary disease (COPD). Objective: To deter-
mine whether strains of H. influenzae associated with exacerbations
cause more inflammation than strains that colonize the airways of
patients with COPD. Methods: Exacerbation strains of H. influenzae
were isolated from patients during exacerbation of clinical symp-
toms with subsequent development of a homologous serum anti-
body response and were compared with colonization strains that
were not associated with symptom worsening or an antibody re-
sponse. Bacterial strains were compared using an in vivo mouse
model of airway infection and in vitro cell culture model of bacterial
adherence and defense gene and signaling pathway activation in
primary human airway epithelial cells. Results: H. influenzae associ-
ated with exacerbations caused more airway neutrophil recruitment
compared with colonization strains in the mouse model of airway
bacterial infection. Furthermore, exacerbation strains adhered to
epithelial cells in significantly higher numbers and induced more
interleukin-8 release after interaction with airway epithelial cells.
This effect was likely mediated by increased activation of the nuclear
factor-kB and p38 mitogen-activated protein kinase signaling path-
ways. Conclusions: The results indicate that H. influenzae strains iso-
lated from patients during COPD exacerbations often induce more
airway inflammation and likely have differences in virulence com-
pared with colonizing strains. These findings support the concept
that bacteria infecting the airway during COPD exacerbations medi-
ate increased airway inflammation and contribute to decreased
airway function.
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Acute pulmonary exacerbations are an important contributor
to the health care costs, quality of life, morbidity, and mortality
of patients with chronic obstructive pulmonary disease (COPD)
(1-4). COPD exacerbations are associated with increased mark-
ers of inflammation in the airway, leading to the hypothesis that
factors that promote airway inflammation lead to worsening
airway function (5-7). Although infection clearly has the ability
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to induce airway inflammation, the role that bacteria play in
COPD exacerbations remains controversial (8, 9). Bacteria com-
monly colonize the airways of patients with COPD, making the
presence of bacteria insufficient to explain worsening airway
function (10-12). However, COPD exacerbation could be precip-
itated by increase in bacterial number, change in bacterial loca-
tion in the airway, or acquisition of a new, more virulent, or
more proinflammatory bacterial species or strain (8, 13, 14).
Indeed, previous reports have revealed a correlation between
the level of airway inflammation and bacterial presence, number,
and pathogenicity (7, 12, 15). Furthermore, COPD exacerbations
are associated with acquisition of new strains of bacteria (14).
Patients with COPD exacerbations recover more rapidly with
antibiotic therapy, supporting the possibility that bacteria modu-
late airway inflammation and function (16).

Nontypeable Haemophilus influenzae is the bacterial species
most commonly isolated from airway samples during COPD
exacerbations (14, 17). This respiratory pathogen is a pleomor-
phic gram-negative bacilli that fails to agglutinate with typing
antisera against known capsular structures, and multiple strains
from human airways have been identified using molecular typing
(18). These bacteria frequently colonize human respiratory mu-
cosa and can produce respiratory tract disease including otitis
media, sinusitis, bronchitis, and pneumonia, particularly in pa-
tients with underlying airway diseases such as COPD, bronchiec-
tasis, and cystic fibrosis. When constitutive innate defense
mechanisms in respiratory epithelium (e.g., mucociliary clear-
ance, antibacterial molecules) are overwhelmed by H. influenzae,
an inflammatory response is activated that is characterized by
recruitment of leukocytes, particularly neutrophils, to sites of
infection (12, 19, 20). The ability of H. influenzae to cause intense
airway inflammation and the association of exacerbations with
development of humoral immune responses to H. influenzae
acquired for the first time supports the role of infection by this
organism in causing COPD exacerbations (18).

Airway epithelial cells actively participate in neutrophil re-
cruitment, retention, and activation in response to H. influenzae
by expression of several airway defense genes, including the leu-
kocyte adhesion glycoprotein intercellular adhesion molecule-1
(ICAM-1) and neutrophil chemoattractant and activating factors
such as the chemokine interleukin (IL)-8. Both ICAM-1 and IL-8
appear important for neutrophilic inflammation in COPD (21, 22).
Inflammatory gene expression by epithelial cells in response to
bacterial infection may be mediated both indirectly through com-
munication with other cells types by soluble mediators and di-
rectly by epithelial cell interaction with bacteria in the airway.
Direct contact between H. influenzae and airway epithelial cells
occurs during airway infection, and attachment to epithelial
cells is mediated by specific bacterial surface molecules (23, 24).
H. influenzae may also reside in the airway lumen or in
the mucosa between, below, or inside epithelial cells (13, 25).
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Interestingly, strains of H. influenzae vary in their ability to
induce inflammatory responses after interaction with epithelial
cells, suggesting that different strains might have different effects
on airway function (26).

In this study, we questioned whether strains of H. influenzae
associated with exacerbations cause more inflammation than
strains that colonize the airways of patients with COPD. Bacte-
rial strains were obtained from a cohort of patients with COPD
that underwent serial assessment of clinical status, sputum micro-
biology, and serum antibody production against homologous
strains of sputum bacterial isolates (14, 18, 27). Bacteria were
tested in a mouse model of airway inflammation and using a
primary cell culture model of airway epithelial cell inflammatory
responses. We show that H. influenzae isolated for the first time
during COPD exacerbations induce more leukocyte recruitment
in our mouse model and more airway epithelial cell activation,
leading to increased mediator release in our isolated airway
epithelial cell model. Our results support the concept that bacte-
rial infection of the airway during a COPD exacerbation medi-
ates increased airway inflammation and contributes to decreased
airway function.

Some of the results of these studies have been previously
reported in abstract form (28).

METHODS

Patients with COPD

The prospective, longitudinal study of patients with COPD at the Buffalo
Veterans Affairs Medical Center (Buffalo, NY) has been described
previously (14, 18, 27). All participants gave written informed consent
under a protocol approved by the Human Studies Subcommittee of
the Veterans Affairs Western New York Healthcare System.

Bacterial Isolation

Sputum samples were spontaneously expectorated the morning of the
clinic visit and were homogenized, diluted, and plated for identification
and quantitation as described previously (14, 18). For this study, exacer-
bation strains were defined by the following criteria: (1) the patient
experienced clinical exacerbation symptoms at the time the strain was
isolated from sputum; (2) the strain was isolated for the first time at
exacerbation symptom onset; and (3) serum obtained 1 month after the
exacerbation contained new bactericidal antibodies to the homologous
infecting strain compared with serum obtained 1 month before exacer-
bation. Colonization strains were defined by the following criteria: (1)
the patient had no clinical signs of exacerbation at the time the strain
was isolated from sputum; (2) the strain was newly acquired; and (3)
there was absence of a new serum antibody response to the homologous
strain. H. influenzae strain 12 is a well characterized, nontypeable isolate
that has been described previously (19).

Bacterial Preparation

Aerated, log-phase cultures of H. influenzae were prepared and quanti-
tated as described previously (19, 29), and infection with equivalent
bacterial inoculums was verified in each experiment.

Mouse Airway Infection Model

Mouse airway infection with H. influenzae with assessment of airway
leukocyte recruitment, lung chemokines expression, and bacterial load
was performed under a protocol approved by the University of Iowa
Institutional Animal Care and Use Committee as described previously
(19, 20).

Biofilm Formation Assay

Biofilm formation of H. influenzae isolates were assayed by the ability
of the bacteria to adhere to the walls of a 96-well microplate as described
previously (30).

Airway Epithelial Cell Infection Model

Human tracheobronchial epithelial (hTBE) cells were obtained under
a protocol approved by the University of Iowa Institutional Review
Board (29, 31). Assays for epithelial cell bacterial adherence, ICAM-1
expression, IL-8 release, nuclear factor (NF)-kB activation, and mitogen-
activated protein (MAP) kinase phosphorylation have been described
previously (19, 29, 32-34).

Signaling Pathway Inhibition

Inhibition of NF-kB-dependent signaling was accomplished by infec-
tion of hTBE cells with a recombinant adenoviral vector that expresses
a dominant-negative mutant form of IkBa. Adenoviral vector expres-
sion of green fluorescence protein was used both as a control and to
assess the level of epithelial cell transgene expression. Inhibition of p38
MAP kinase was accomplished using the inhibitor SB203580.

Statistical Analysis

Experimental results involving comparison of two conditions were ana-
lyzed for statistical significance using two-tailed, unpaired Student’s
t tests, with p < 0.05 considered significant. Experimental results with
multiple comparisons were analyzed using one-way analysis of variance
(ANOVA) for a factorial experimental design. The multicomparison
significance level for the one-way ANOVA was 0.05. If significance
was achieved by one-way analysis, post-ANOVA comparison of means
was performed using Scheffe F tests (35).

Additional details on patients with COPD, bacterial isolation and
preparation, mouse airway infection model, biofilm formation assay,
airway epithelial cell model, signaling pathway inhibition, and analysis
of epithelial cell bacterial adherence, ICAM-1 and IL-8 expression,
and NF-kB and MAP kinase activation are provided in the online
supplement.

RESULTS

H. influenzae from Patients with COPD with Exacerbation
Induce More Airway Inflammation

Previous reports of epithelial responses to H. influenzae pri-
marily tested single bacterial isolates, often laboratory strains
or from sources other than patients with COPD. Therefore, our
experiments were directed at testing inflammatory responses to
17 H. influenzae strains isolated from 15 individuals with COPD
(Table 1). H. influenzae for these experiments were divided into
isolates cultured from sputum when the patient was having a
clinical exacerbation (n = 10) versus those associated with stable
respiratory status (n = 7). Infection of mice with one of three
or four bacterial isolates from each of these groups confirmed
that H. influenzae associated with both exacerbation and coloniza-
tion in patients with COPD induced high levels of neutrophil

TABLE 1. CHARACTERISTICS OF PATIENTS WITH CHRONIC
OBSTRUCTIVE PULMONARY DISEASE WITH SPUTUM
ISOLATION OF HAEMOPHILUS INFLUENZAE

Characteristic Value (n = 15)
Age, yr 64.8 = 2.0
Sex, female/male 1/14
Pack-years of smoking 91.8 = 6.4
Years since diagnosis 11.3 £ 29
Baseline FEV;, L 1.53 = 0.12
Baseline FEV;, % predicted 440 = 3.0
Exacerbations per year 21 *+04
Visits with H. influenzae isolated from sputum, % 28.7 £ 5.8

Values are expressed as mean + SEM or as a ratio.
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recruitment into the airway 24 hours after inoculation (Figure 1A).
Because of difficulty in precisely equalizing the inoculum of each
bacterial isolate used to infect animals, we divided the number
of neutrophils in bronchoalveolar lavage (BAL) by the bacterial
load detected in lung homogenates at the time of specimen
acquisition to normalize for differences in bacterial number and
thus the stimulus for leukocyte recruitment. We observed sig-
nificantly higher numbers of airway neutrophils per bacteria in
animals infected with H. influenzae from patients with COPD
exacerbation versus isolates associated with colonization. We
also measured lung levels of the mouse CXC chemokines kera-
tinocyte—derived chemokine or keratinocyte chemoattractant
and macrophage-inflammatory protein-2, which are potent neu-
trophil chemoattractants and functional mouse homologs for
IL-8 that are often elevated during pulmonary bacterial infection
(19). Although we observed a higher mean level of these media-
tors in the lungs of mice infected with H. influenzae associated
with COPD exacerbation (Figure 1B), because of variability
among animals infected with different isolates, results did not
reach statistical significance (keratinocyte chemoattractant: p =
0.08; macrophage-inflammatory protein-2, p = 0.07). These re-
sults suggest that H. influenzae isolated from patients with COPD
exacerbation induce more airway neutrophil recruitment than
those that colonize their airway.

H. influenzae from Patients with COPD with Exacerbation
Adhere More to Epithelial Cells

Although bacterial capacity to induce inflammation may affect
airway function in COPD, we were also interested in other differ-
ences in virulence between bacterial groups that could affect
H. influenzae ability to infect the airway. Our preliminary results
did not detect a significant difference in bacterial growth rates
between H. influenzae isolates, both in vitro and in our mouse
model (results not shown). Furthermore, although H. influenzae
form biofilms that are likely important in pathogenesis (36, 37),
no significant difference in capacity for biofilm formation was
observed (Figure 2A). However, H. influenzae from patients
with COPD with exacerbation adhered in greater numbers to
human airway epithelial cells (Figure 2B). Although adherence
has been shown to correlate poorly with H. influenzae capacity
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Figure 1. Haemophilus influenzae from patients with chronic obstructive
pulmonary disease (COPD) exacerbation induce more airway inflam-
mation. Bronchoalveolar lavage (BAL) neutrophil numbers (A) and lung
keratinocyte chemoattractant (KC) and macrophage-inflammatory pro-
tein-2 (MIP-2) levels (B) were determined in C57BL/6] mice after tra-
cheobronchial injection of agar particles suspended with H. influenzae
isolates from patients with COPD. At 24 hours after inoculation, the
left lung underwent bronchoalveolar lavage with quantification of neu-
trophils, and the right lung was homogenized for chemokine assay and
bacterial quantitation. (4, B) Values are expressed as mean neutrophil
number or chemokine concentration per bacterial number = SEM (n =
3-4 bacterial isolates per condition, with each isolate used to infect two
to three individual mice), and a significant difference in levels between
animals infected with H. influenzae associated with colonization (Col)
versus exacerbation (Exac) is indicated by an asterisk.
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Figure 2. H. influenzae from patients with COPD with exacerbation
adhere more to airway epithelial cells. (A) Bacterial biofilm formation
was assessed after adherence of H. influenzae isolates from patients with
COPD to polystyrene for 96 hours. Biofilms were stained with crystal
violet, nonadherent bacteria were removed by washing, biofilms were
dissolved in ethanol, and absorbance at 570 nm was determined. (B)
Bacterial adherence to human tracheobronchial epithelial cell monolayers
was assessed after incubation of cells for 30 minutes with H. influenzae
isolates from patients with COPD. Nonadherent bacteria were removed
by washing, cells and bacteria were released by saponin treatment and
scraping, and numbers of adherent bacteria were determined by quanti-
tative culture. (4, B) Values are expressed as mean * SEM (n = 7-10),
and a significant difference in bacterial adherence between H. influenzae
associated with colonization versus exacerbation is indicated by an
asterisk.

to induce inflammatory mediator expression in airway epithelial
cells (19), differences in bacterial adherence likely affect bacte-
rial pathogenicity (38).

H. influenzae from Patients with COPD with Exacerbation
Induce More IL-8

Based on results from experiments using our animal model of
airway infection, we questioned whether differences in inflam-
mation induced by H. influenzae isolates in vivo might correlate
with epithelial cell inflammatory mediator expression in re-
sponse to these bacterial strains using a cell culture model of
primary airway epithelial cells. In experiments using this in vitro
model, H. influenzae from patients with COPD with exacerba-
tion induced slightly more ICAM-1 expression compared with
equivalent inoculums of colonizing strains after epithelial cell
interaction with bacteria for 24 hours, but this difference did not
reach statistical significance (Figure 3A). The lack of statistical
significance may relate to the fact that these bacterial isolates
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Figure 3. H. influenzae from patients with COPD with exacerbation
induce more interleukin (IL)-8. Intercellular adhesion molecule-1
(ICAM-1) protein expression on the cell surface (A) and IL-8 secretion
into the culture media (B) were determined using enzyme-linked immu-
noassays with hTBE cell monolayers that were incubated for 24 hours
without or with equivalent inoculums of H. influenzae isolates from
patients with COPD. (A, B) Values are expressed as mean = SEM (n =
7-10), and a significant difference in IL-8 release induced by H. influenzae
associated with colonization versus exacerbation is indicated by an
asterisk.
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induced relatively low levels of epithelial cell ICAM-1, thereby
making differences harder to detect. In contrast, bacteria are
potent inducers of epithelial cell IL-8 release, making the ability
to detect differences more likely. We observed that H. influenzae
isolates from patients with COPD with exacerbation induced sig-
nificantly higher levels of IL-8 compared with colonizers (Figure
3B). These results support the concept that differences in bacte-
rial effects on epithelial cell inflammatory mediators could ac-
count for differences in inflammation.

H. influenzae Induction of Epithelial Cell ICAM-1
and IL-8 requires NF-xB and p38

The transcription factor NF-kB is important in the regulation
of inflammatory gene expression in response to bacteria, includ-
ing H. influenzae (39). In addition, other cell signaling pathways
appear to modulate multiple steps in inflammatory gene activa-
tion. Important examples include members of the MAP kinase
family of evolutionarily conserved enzymes that are activated
by phosphorylation of specific threonine and tyrosine residues
in response to cell surface events (40). There are three subfamil-
ies of MAP kinases that have been well characterized: (1) extra-
cellular signal-regulated kinases (ERK1 and ERK2); (2) c-Jun
NH,-terminal kinases (JNK1, JNK2, and JNK3); and (3) p38
kinases (p38a, p38B, p38y, and p383). Through phosphorylation
of nuclear and cytoplasmic proteins, these signaling molecules
regulate cellular gene expression by modulating transcription fac-
tor or basal transcription complex function, stabilizing mRNA,
or enhancing translation. Interaction between MAP kinases and
NF-kB-dependent gene expression has been identified in the regu-
lation of several genes that mediate inflammation (41). To confirm
that members of these two signaling pathway families are in-
volved in ICAM-1 and IL-8 expression in epithelial cells, a well
characterized strain of H. influenzae (nontypeable strain 12) was
allowed to interact with primary human airway epithelial cells.
However, we first infected epithelial cells with an adenoviral
vector that expressed either a control transgene or a mutant of
IkBa that binds NF-kB in its inactivated form, but cannot be
phosphorylated to allow for release of activated NF-kB. We
found that epithelial expression of the dominant-negative IkBa
strongly inhibited expression of [CAM-1 and IL-8 in hTBE cells
incubated with H. influenzae (Figure 4A) under conditions that
resulted in transgene expression in the majority of cells in the
sample (Figure 4B). Decreased ICAM-1 and IL-8 expression
with uninfected cells expressing dominant-negative IkBa sug-
gests that constitutive levels of these genes are also regulated
by low-level activation of NF-kB. We also pretreated airway
epithelial cells with a small-molecule inhibitor of the kinase
function of p38 and found that this inhibitor caused a significant
and dose-dependent inhibition of increases in ICAM-1 and IL-8
levels that occurred in response to airway epithelial cell interac-
tion with H. influenzae (Figure 4C). Taken together, these results
indicate that NF-kB and p38 M AP kinases participate in regula-
tion of epithelial cell ICAM-1 and IL-8 expression in response
to H. influenzae.

H. influenzae from Patients with COPD with Exacerbation
Activate More NF-kB and p38

To determine if differences in inflammatory responses to
H. influenzae isolates correlated with activation of signal trans-
duction pathways important for expression of ICAM-1 and IL-8,
NF-kB and p38 activation after bacterial interaction with hTBE
cells was assessed. H. influenzae from patients with COPD exac-
erbation induced higher levels of NF-kB activation compared
with colonizing bacteria (Figure 5A). For p38 activation, there
was variability in the response to bacterial isolates (Figure 5B),

-4
A 0.6 1
E O
e F
>m &
3% -
Q3 * g
= S * %
: [l Il] 1=
= gl ﬂ iﬁ 'ﬁ Gl
MOI: - 0 2 10
AdV: - GFP IKBaDN - GFP IkBaDN
Bacteria: - H. influenzae
B MOl 10
C 0.4 3
° E * =
o -—
L x 2§
- r
=g 021 2 2
< € * o
g3 '3
us 3
© I I I )
SBZOSSSO[LLM]:I - 2 10_ o 2 10 .
Bacteria: - H. influenzae

Figure 4. H. influenzae induction of epithelial cell ICAM-1 and IL-8 re-
quires nuclear factor kB and p38. (A) ICAM-1 protein expression on
the cell surface and IL-8 secretion into the culture media were deter-
mined using enzyme-linked immunoassays with hTBE cell monolayers
that were left uninfected or were infected with adenoviral vectors ex-
pressing control green fluorescence protein (GFP) transgene or domi-
nant-negative lkBa. Cells were then incubated for 24 hours without or
with nontypeable H. influenzae strain 12. (B) The proportion of cells
expressing transgene protein at each level of infection in (A) was as-
sessed by epifluorescence photomicroscopy with hTBE cell monolayers
that were left uninfected or were infected with an adenoviral vector
expressing GFP at the indicated MOI. Scale bar = 30 um. (C) ICAM-1 and
IL-8 protein levels were determined using enzyme-linked immunoassays
with hTBE cell monolayers that were pretreated with carrier control or
a small molecule inhibitor of p38 at the indicated concentrations. Cells
were then incubated for 24 hours without or with H. influenzae strain
12. (A, C) Values are expressed as mean = SEM (n = 3-6), and a
significant difference in ICAM-1 expression or IL-8 secretion compared
with cells treated with the control is indicated by an asterisk.

but when evaluated as a group the mean activation of this MAP
kinase was higher in epithelial cells exposed to H. influenzae
from patients with COPD exacerbation versus colonization (Fig-
ure 5C). We have previously found that ERK members of this
family of kinases do not have a direct effect on airway epithelial
cell ICAM-1 and IL-8 expression in response to H. influenzae
(results not shown). Assessment of the activation of ERK revealed
that there was high basal activation in hTBE cells with no signifi-
cant activation in response to bacteria. We also found no significant
overall difference in ERK activation after exposure to the two
H. influenzae isolate groups, indicating that differences between
bacteria regulated specific epithelial cell signaling pathways.
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Figure 5. H. influenzae from patients with COPD with exacerbation
activate more NF-kB and p38. (A) NF-«B activation was determined
using luciferase assays with hTBE cell monolayers that were initially
infected for 24 hours with an adenoviral vector expressing a luciferase
gene driven by four tandem NF-«B sites. Cells were then incubated
for an additional 24 hours without or with equivalent inoculum of
H. influenzae isolates from patients with COPD. (B) Phosphorylation of
p38 and extracellular signal-regulated kinases (ERK) mitogen-activated
protein (MAP) kinase were assessed using immunoblot analysis of ex-
tracts from hTBE cell monolayers that were left uninfected or were
infected for 1 hour with equivalent inoculum of H. influenzae isolates
from patients with COPD. The positions of phosphorylated and total
p38 and ERK are indicated by arrows. (C) Phosphorylation of p38 and
ERK that was detected in (B) were quantified using densitometry. (A, C)
Values are expressed as mean relative luciferase or phosphorylated/total
protein level = SEM (n = 7-10), and a significant difference in NF-«xB
or MAP kinase activation induced by H. influenzae associated with coloni-
zation versus exacerbation is indicated by an asterisk.

DISCUSSION

Acute pulmonary exacerbation of COPD can be precipitated
by multiple factors that include environmental exposures (air
pollution, dust, temperature) and infection (bacterial or viral).
Although the role that bacteria play in COPD is not completely
defined, it is clear that bacterial infection can cause inflammation
in the airway and markers of inflammation are increased in
patients with COPD exacerbations (5-7). Increased airway in-
flammation in patients with COPD could be mediated by in-
crease in bacterial number, change in the airway compartment
that bacteria are located, or acquisition of a new, more virulent,
or more proinflammatory bacteria (8, 13, 14). Strains of nontype-
able H. influenzae that persist in the airways of patients with
chronic bronchitis have been reported to induce less IL-6 and
IL-8 release from a respiratory epithelial cell line compared with
nonpersisting isolates, providing precedent for the possibility that
bacteria isolated under different clinical circumstances might have
different effects on airway inflammation and function (26). Our
report addresses the possibility that isolates of H. influenzae
might have different effects on airway inflammation and these
effects might correlate with COPD exacerbations and subse-
quent development of a humoral antibacterial immune response.
We demonstrate that H. influenzae strains isolated for the first
time from patients with COPD during exacerbations caused
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more airway neutrophil recruitment in a mouse model of bacte-
rial infection and more inflammatory signaling pathway activa-
tion and IL-8 expression in cultures of primary human airway
epithelial cells when compared with bacterial strains isolated
from patients with respiratory symptoms at baseline. These find-
ings support the concept that bacteria infecting the airway during
COPD exacerbations can mediate increased airway inflamma-
tion and contribute to decreased airway function.

Itisintuitive that higher bacterial loads provide more stimula-
tion for inflammation in the airway (12). Therefore, in our experi-
ments, it was important to ensure that differences in airway and
cellular responses to bacterial isolates were not the result of
variation in bacterial numbers. No difference between groups
in the growth rate of bacteria was observed either in vitro or
in vivo (results not shown), but bacterial numbers were moni-
tored in experiments to address potential differences. In our
mouse model of airway infection by H. influenzae, markers of
airway inflammation were divided by lung bacterial load in each
animal to control for differences in bacterial number that would
drive inflammation. In our in vitro studies, experiments were
designed to ensure equivalent bacterial inoculum for each strain,
thereby excluding the possibility that different bacterial numbers
accounted for the results. Although these methods of normaliza-
tion assume that there is a direct relationship between the level
of inflammation and number of bacteria, the lack of a completely
linear relationship does not invalidate the results we observed.

The capacity of bacterial strains to induce inflammation was
assessed using multiple markers relevant to airway inflammation
in COPD. Because of variation in assay conditions, it was not
possible to correlate the effects of a single bacterial strain across
all assays. However, it is interesting to note the variability within
a single assay of inflammatory markers. For example, some
H. influenzae strains associated with COPD exacerbations and
stimulation of other inflammatory markers were poor inducers
of p38 activation, whereas the group as a whole was a strong
inducer. The relatively small number of bacterial isolates tested
in our study and the variability of responses limits the ability to
generalize some findings. Testing isolates from patients with
COPD in other clinical situations may help clarify associations
between bacterial factors and airway responses. It is likely that
multiple bacterial factors determine the capacity of a single strain
to induce airway inflammation, and differences in only a few
factors may be required to make a strain a strong inducer of
inflammation.

Regulation of airway defense involves detection of multiple
bacterial macromolecules by host receptors that mediate in-
flammation in the airway. Many pathogen-associated molecular
patterns are recognized by members of the toll-like receptor
family of surface proteins on cells in the airway (42). One impor-
tant example is detection of a component of the outer membrane
of gram-negative bacteria, called lipopolysaccharide, by host cell
toll-like receptor 4, resulting in inflammatory gene activation.
Haemophilus species synthesize a form of lipopolysaccharide,
referred to as lipo-oligosaccharide, which contains an oligosac-
charide linked to lipid A without repeating subunit O-antigen
polysaccharide chains. However, airway epithelial cells are
poorly responsive to lipopolysaccharide and lipo-oligosaccha-
ride, suggesting that these bacterial molecules are not responsi-
ble for differences in epithelial defense gene activation between
strains of H. influenzae (19). The presence or level of other
H. influenzae factors that could account for strain differences in
epithelial cell activation include the P6 outer membrane lipopro-
tein, lipo-oligosaccharide glycoforms containing phosphorylcho-
line that bind to the platelet-activating factor receptor, and small
cytoplasmic molecules that activate multiple epithelial cell sig-
naling pathways (39, 43, 44). In addition, several H. influenzae
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proteins that promote adherence to epithelial cells have been
identified, and expression of these adhesins depends on the iso-
late (45). These include the Hia adhesin, high-molecular-weight
adhesins HMW1 and HMW?2, and the Hap serine protease. A
small subset of nontypeable H. influenzae express hemaggluti-
nating pili, which are polymeric adhesive structures expressed
on many gram-negative bacteria, and components of pili from
other bacteria have been shown to induce epithelial cell 1L-8
(46,47). Although strains of H. influenzae associated with exacer-
bation adhered in greater numbers to airway epithelial cells
compared with colonizing strains, we have previously reported
that these bacterial adhesive molecules are not required for
H. influenzae induction of epithelial cell inflammatory genes
(19). The critical role for adhesins in the pathogenesis of airway
infection is likely by providing adherence to epithelial cell and
other surfaces allowing resistance to airway clearance mechanisms.

The finding that new isolates of H. influenzae that mediate
increased airway inflammation and activate a humoral immune
response are associated with exacerbation of COPD raises inter-
esting questions. These results support the possibility that acqui-
sition of a new, more virulent or more proinflammatory bacterial
species or strain may be one pathway for induction of COPD
exacerbations. This assumes that a temporal and causal relation-
ship exists between acquiring a proinflammatory isolate and
developing worse COPD symptoms. However, environmental
factors have the capacity to change bacterial behavior and can
also result in permanent changes in the bacterial genome itself
(48). Therefore, another possibility is that the airway environ-
ment for these bacteria during an exacerbation changes their
behavior into a more proinflammatory phenotype. This possibil-
ity seems counterintuitive because of the assumption that airway
inflammation and a humoral immune response make the airway
environment more hostile for bacterial survival. Determining the
macromolecular interactions that mediate airway inflammation
and vary between isolates will provide a better understanding
of the effects that new bacteria acquisition has in COPD exacer-
bation and may uncover new therapeutic strategies. It seems
likely that manipulating bacterial capacity to affect the airway
inflammatory and immune response could improve airway func-
tion in patients with COPD.
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