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KEY POINTS

� Infection and chronic obstructive pulmonary disease (COPD) can be regarded as comorbid condi-
tions, because infections contribute the progression of COPD, and COPD alters the susceptibility
and manifestations of lung infections.

� The underlying mechanism of acute exacerbations of COPD is acquisition of new strains of bacteria
and viruses. A complex host-pathogen interaction then determines the clinical manifestations and
outcomes of such acquisition.

� COPD predisposes to community-acquired pneumonia and alters its cause, treatment, and
outcomes.

� Several lines of evidence now suggest that chronic airway infection by bacteria is prevalent in
COPD, and by triggering a chronic inflammatory response contributes to progression of disease.

� Lung innate immune defenses are impaired in COPD, making these patients more susceptible to
infection. Respiratory pathogens prevalent in COPD use various mechanisms to evade host re-
sponses and thereby cause acute and persistent infections.
INTRODUCTION

The role of infection in chronic obstructive pulmo-
nary disease (COPD) was first postulated in 1953
by Stuart-Harris and colleagues1 in what is now
known as the British hypothesis. They speculated
that the decline in the lung function in COPD was
the result of mucus hypersecretion and recurrent
bacterial infections. In the next 2 decades, several
studies were performed to confirm the hypothesis.
In some of these studies, sputum microbiology
was used to compare the rate of bacterial infection
in patients with chronic bronchitis at baseline
and during exacerbations, as well as in compari-
son with individuals without COPD.2–7 Some dif-
ferences in bacterial infection related to disease
state were found; for example, Smith and col-
leagues2,3,8 found increased colonization with
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isolation from sputum at stable state (ie, coloniza-
tion) versus at acute exacerbation (ie, infection)
were not seen in these studies. Advanced molec-
ular biology techniques to differentiate bacterial
strains within species had not been developed
and were therefore not available to these investi-
gators. Other investigators examined this hypoth-
esis by using serologic studies to determine
levels of antibacterial antibodies in patients with
chronic bronchitis. These results were also
confusing and contradictory and were confounded
by the use of laboratory strains as an antigen
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that frequency of exacerbations and mucus hyper-
secretion did not result in faster decline of lung
function in patients with COPD. By the early
1980s, because of these observations and the
appreciation of the importance of tobacco smoke
in COPD pathogenesis, the British hypothesis
was rejected, and bacterial infection was relegated
to an epiphenomenon in this disease.7

The role of viral infection in COPD exacerbations
was also extensively investigated in the 1960s
and 1970s with viral cultures and serology at exac-
erbation.3,5,8 Because of the lack of confounding
by chronic colonization and serologic cross reac-
tivity, about 30% of exacerbations were confirmed
to be of viral origin. Following 20 to –30 years of
scant investigation, the role of infection has been
revisited in the last 2 decades with new molecular
biology, immunology, and microbiology tech-
niques.11 Understanding of infection in COPD,
both in the acute and chronic settings, has conse-
quently developed substantially, as discussed
later (Fig. 1).
ACUTE INFECTION

Acute infections in COPD are clinically recognized
either as exacerbations or as episodes of pneu-
monia. The differentiation between the two pre-
sentations is based on the presence (pneumonia)
or absence (exacerbation) of lung parenchymal
involvement, which presents as an infiltrate on
chest radiology. Although pneumonia has been al-
ways considered to be a more significant acute
infection, exacerbations occur with much greater
frequency and also have serious consequences
in COPD. As the British hypothesis was being
largely discredited, the importance of exacerba-
tions in COPD was also minimized. They came to
Fig. 1. Acute and chronic infection cycles in the pathogen
be regarded as self-resolving viral illness of little
consequence (chest colds) for which no specific
therapy was available and that were part of the
natural course of the disease. The last 2 decades
have seen considerable revision in this point of
view, because data have emerged that exacerba-
tions do contribute to the loss of quality of life and
lung function in COPD and account for as much as
half the cost of care of COPD. Furthermore, bacte-
rial infection contributes to exacerbations, specific
therapies are of benefit, and prevention of exacer-
bations is possible and is an important therapeutic
goal in COPD.

Causes of Exacerbations

Exacerbations of COPD are airway inflammatory
events that are induced by infection in most in-
stances. The aggravating infection can be viral,
bacterial, or a combination of viral and bacterial
infections. Although there are episodes that are
induced by poorly understood noninfectious fac-
tors, infections likely account for about 80% of
exacerbations (Table 1).

Virus
The role of viruses in exacerbation was estab-
lished in older studies (as discussed earlier) by viral
culture and serology. Understanding of viral exac-
erbations has recently been expanded by the use
of molecular diagnostic techniques and with the
development of a human experimental model of
rhinoviral exacerbations. The most common vi-
ruses detected in airway secretions at exacerba-
tion are rhinovirus, influenza, respiratory syncytial
virus (RSV), parainfluenza, and adenovirus. A
recent systematic review found that viruses were
detected in 34.1% of exacerbations.12 More
recent studies using molecular detection of virus
esis of COPD.



Table 1
Microbial pathogens in COPD

Microbe Role in Exacerbations Role in Stable Disease

Bacteria

H influenzae 20%–30% of exacerbations Major pathogen

Streptococcus pneumoniae 10%–15% of exacerbations Minor role

Moraxella catarrhalis 10%–15% of exacerbations Minor role

Pseudomonas aeruginosa 5%–10% of exacerbations,
prevalent in advanced disease

Likely important in advanced
disease

Enterobacteriaceae Isolated in advanced disease,
pathogenic significance
undefined

Undefined

Haemophilus haemolyticus Isolated frequently, unlikely
cause

Unlikely

Haemophilus parainfluenzae Isolated frequently, unlikely
cause

Unlikely

Staphylococcus aureus Isolated infrequently, unlikely
cause

Unlikely

Viruses

Rhinovirus 20%–25% of exacerbations Unlikely

Parainfluenza 5%–10% of exacerbations Unlikely

Influenza 5%–10% of exacerbations Unlikely

Respiratory syncytial virus 5%–10% of exacerbations Controversial

Coronavirus 5%–10% of exacerbations Unlikely

Adenovirus 3%–5% of exacerbations Latent infection seen, pathogenic
significance undefined

Human metapneumovirus 3%–5% of exacerbations Unlikely

Atypical Bacteria

Chlamydophila pneumoniae 3%–5% of exacerbations Commonly detected, pathogenic
significance undefined

Mycoplasma pneumoniae 1%–2% Unlikely

Fungi

Pneumocystis jiroveci Undefined Commonly detected, pathogenic
significance undefined

From Sethi S, Murphy TF. Infection in the pathogenesis and course of chronic obstructive pulmonary disease. N Engl J Med
2008;359:2356; with permission.

Role of Infections 89
by polymerase chain reaction (PCR) techniques
have found viruses in up to half of all exacerba-
tions.13 The human experimental model of rhinovi-
ral exacerbations was described in a study in
which 13 subjects with COPD and 13 control sub-
jects were nasally inoculated with a low dose of
rhinovirus.14 An increased neutrophilic inflamma-
tory response in the lower airway, and more prom-
inent lower respiratory symptoms and airway
obstruction, were found in COPD compared with
controls. An impaired interferon response to the
infection was seen in patients with COPD. This
work confirms the viral causation of exacerbations
and has provided insights into susceptibility
and pathogenic mechanisms involved in viral
exacerbations.
Bacteria
In contrast with the role of viruses, the role of bac-
teria as a cause of exacerbations has been
controversial and was not fully appreciated until
recently. At present, pathogens clearly impli-
cated in COPD exacerbations are nontypeable
H influenzae, Streptococcus pneumoniae, Mor-
axella catarrhalis, and Pseudomonas aeruginosa.
Whether Staphylococcus aureus and gram-
negative enteric bacteria (Enterobacteriaceae),
which are frequently isolated from sputum in
COPD, are causative for exacerbations or are
only capable of airway colonization is unclear at
present.

Previous studies that defined bacterial patho-
gens isolated from sputum only at a species level
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were unable to fully appreciate the dynamic nature
of bacterial infection in COPD. In a longitudinal pro-
spective cohort study in patients with COPD, when
bacterial strains in sputum were characterized by
molecular techniques, combined with a careful
analysis of host immune and immunologic re-
sponses, an important mechanism that likely un-
derlies exacerbations caused by the 4 major
pathogens listed earlier was found (Fig. 2).15 The
risk of having an exacerbation was increased by
more than 2-fold with respiratory tract acquisition
of strains of these bacterial pathogens that were
new to the patient. In this initial study, 33% of the
visits within a month of new strain acquisition
were associated with an exacerbation compared
with 15.4%without a new strain.16 Subsequent an-
alyses from this study have now shown that the
incidence of exacerbations at a visit with a new
strain isolated from sputum is 40% to 50%, and
that this holds true for each of the 4 major patho-
gens (nontypeable H influenzae, S pneumoniae,
M catarrhalis, and P aeruginosa).17–19 Additional
support for this mechanism for exacerbations
comes from various observations. Exacerbation-
associated strains of H influenzae are more inflam-
matory in in vitro and animal models than strains
associated with colonization, showing that clinical
implications of bacterial acquisition correlate with
strain virulence.20 Strain-specific host immune
Fig. 2. Proposed mechanism of bacterial exacerbations in
ogenesis and course of chronic obstructive pulmonary dis
response and a vigorous neutrophilic inflammatory
response distinguish new strain exacerbations
from those without new strains.21

Whether an increase in bacterial concentration
(load) in the airway of a preexisting (colonizing)
strain can be an additional independent mecha-
nism of exacerbations is controversial. When
bacterial sputum concentrations from our longitu-
dinal cohort study were analyzed, either no differ-
ences or small differences were found between
stable disease and exacerbation, and the small
differences were no longer seen once new strain
acquisition was taken into account.21 In contrast,
Rosell and colleagues22 showed in pooled analysis
of their data from bronchoscopic protected brush
specimens that 54% of the patients with COPD
exacerbation had pathogenic bacteria present in
their airway secretions at significant concentra-
tions compared with 29% of the patients with
stable COPD. Intracellular H influenzae was found
in bronchial mucosal biopsies in 87% of intubated
patients with COPD exacerbation, compared with
33% of the patients with stable COPD.23 Garcha
and colleagues,24 using quantitative PCR, found
higher sputum bacterial loads at exacerbation
than at stable state. However, these studies that
have shown higher bacterial loads in sputum at
exacerbation have not taken into account bacterial
strain variation in their specimens.
COPD. (From Sethi S, Murphy TF. Infection in the path-
ease. N Engl J Med 2008;359:2357; with permission.)
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Coinfection with virus and bacteria
A few recent studies have examined the impact of
simultaneous or sequential bacterial and viral
infection at exacerbation. Papi and colleagues25

examined 64 patients with COPD exacerbation
requiring hospital admission; 25% had combined
bacterial and viral infections, and these patients
had more severe symptoms and longer hospitali-
zation. Presence of cold symptoms and H influen-
zae in sputum has also been associated with more
symptoms and a larger decrease in lung function
than when either is present alone.26 In the rhinovi-
ral human experimental model discussed earlier,
as many as 60% of patients with COPD developed
a secondary bacterial infection with a greater in-
flammatory response and duration of symptoms.27

However, the severity of the exacerbations was
mild and none of the patients required steroids or
antibiotics.

It is likely that viral infection predisposes the sus-
ceptible host to bacterial coinfection and vice
versa.28,29 In cultured airway epithelial cells, Sajjan
and colleagues29 found that infection with H influ-
enzae increased expression of intercellular adhe-
sion molecule (ICAM)-1 and Toll-like receptor
(TLR)-3, receptors for rhinovirus and its double-
stranded RNA. In contrast, in another experimental
model, Avadhanula and colleagues28 found in-
creased bacterial adhesion to respiratory epithelial
cells after viral infection. In the human rhinovirus
experimental model, degradation of antimicrobial
peptides such as elafin by neutrophil elastase
could explain the occurrence of secondary bacte-
rial infection.27

In summary, bacterial and viral infections play a
critical role in COPD exacerbations. Application of
molecular diagnostic techniques to exacerbations
is likely to further enhance understanding of infec-
tious episodes. The role of opportunistic bacterial
pathogens in causing exacerbations still needs to
be defined.
Community-acquired Pneumonia

Epidemiology
Community-acquired pneumonia (CAP) is a major
cause of morbidity and mortality worldwide, with
incidence of 2.6 to 11 per 1000 adults.30,31 Mortal-
ity can reach 20%, with 14.9% of the mortality risk
attributed to smoking, second only to age.32 In a
multivariate analysis, COPD was an independent
risk factor for developing severe CAP, with an
odds ratio (OR) of 1.91.33 Evaluation of COPD
subgroups revealed that severe COPD on home
oxygen and severe COPD exacerbations requiring
hospitalization were independent risk factors
for developing CAP.34 Merino-Sanchez and
colleagues35 observed a 12.6% incidence of
pneumonia in 596 patients with COPD over
3 years, with 55% of the cases with Pneumonia
Severity Index (PSI) of 4 and 5. The mortality for
a PSI of 5 was 35.7%. In 2 European studies, hos-
pitalized patients with CAPwith and without COPD
were compared. Although mortality differences
between the groups were not seen, patients with
COPD experienced more severe pneumonia,
higher rates of readmission, and recurrent pneu-
monia. Lower serum tumor necrosis factor alpha
(TNF-a) and interleukin-6 levels were seen in the
COPD group, suggesting an impaired inflamma-
tory response in these patients.36,37 Higher mortal-
ity with CAP in COPD has been observed in other
studies, reiterating the importance of early recog-
nition and appropriate management in this high-
risk population.38–40

Causes of CAP in COPD
S pneumoniae remains themost common cause of
CAP in COPD. However, because of alterations in
the lung microbiome in COPD, pathogens such as
H influenzae, M catarrhalis, and P aeruginosa may
play a larger role in the development of CAP in
these patients. Moreover, patients with COPD
are exposed to frequent antibiotic courses and
they are more likely to be infected with antibiotic-
resistant pathogens, making empiric antibiotic
choices challenging.41 In a study of hospitalized
patients with COPD with CAP, more infections
attributable to P aeruginosa were observed.42

However, the use of respiratory specimens to
determine the microbiological cause of CAP in
COPD is challenging, because chronic coloniza-
tion with CAP-associated pathogens is common
in COPD.

Role of inhaled corticosteroids
Inhaled corticosteroids (ICS), in combination with
long acting beta agonists (LABA), are widely
used in COPD, and reduce the frequency of exac-
erbations and daily symptoms in these patients.43

However, the benefits come at a cost of increased
risk of pneumonia. This increased risk was origi-
nally observed in the TORCH (Toward a Revolution
in COPD Health) study, in which the ICS/LABA
group had a higher probability (19.6%) of devel-
oping pneumonia over the course of 3 years.43 A
recent meta-analysis of 24 randomized controlled
trials of ICS in COPD confirmed these results with
a calculated relative risk of developing pneumonia
at 1.56, and a number needed to harm of 60.44–46

However, mortality was no different from the use
of a LABA alone. The association between ICS
use and pneumonia should be interpreted with
caution. None of these trials were specifically
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designed to assess the risk of pneumonia, most
episodes lack radiological confirmation, and
COPD exacerbations may have been misdiag-
nosed as pneumonia. Mechanisms underlying
this association have not been examined, but
corticosteroid-induced impairment of local im-
mune response to microbial pathogens is likely
responsible.

Antimicrobial therapy in COPD and CAP
In outpatients with CAP, the presence of COPD as
a comorbid condition places them in a high-risk
group, and treatment with a respiratory fluoroqui-
nolone or a b-lactam plus a macrolide is recom-
mended.47 Monotherapy with a macrolide or
doxycycline is not appropriate in these patients.
Because antibiotic use is common in these pa-
tients, a review of antibiotic use in the previous
3 months should guide empiric choice, and antibi-
otic classes used in the previous 3 months should
be avoided. Among inpatients with CAP and
COPD, the same choices are applicable. However,
in patients requiring intensive care admission,
combination therapy is always recommended,
with a b-lactam and a respiratory fluoroquinolone
or a macrolide. If Pseudomonas is suspected (pre-
vious Pseudomonas isolation, bronchiectasis,
malnutrition, recent broad-spectrum antibiotic
exposure), an antipseudomonal regimen is
recommended.
Fig. 3. The vicious-circle hypothesis of infection and inflam
in the pathogenesis and course of chronic obstructive p
permission.)
CHRONIC INFECTION

In contrast with the (almost) sterile airways of a
healthy lung, the lower airway of patients with
COPD is frequently colonized with bacteria.48,49

Although a wide variety of pathogens can be
isolated, the two most common are H influenzae
and P aeruginosa (see Table 1). Until recently,
the presence of these bacteria was regarded
as colonization, implying an innocuous process
in the airway without sequelae. A growing body
of evidence now suggests that this colonization
in stable COPD, via complex interactions
with the host immune-inflammatory system,
could contribute to COPD pathogenesis and
progression.

Vicious-circle Hypothesis

Similar to bronchiectasis and cystic fibrosis, the
host-pathogen interaction in stable COPD is well
described by the vicious-circle hypothesis
(Fig. 3). Repeated insults to the lung, such as
smoking and environmental exposures, lead to
impairment of the host immune defenses, thus al-
lowing bacterial colonization. The bacteria cause
subclinical inflammatory response in the airway,
resulting in further damage to the innate lung
defense and persistence of chronic bacterial in-
fection. This process accelerates during acute
exacerbations.
mation in COPD. (From Sethi S, Murphy TF. Infection
ulmonary disease. N Engl J Med 2008;359:2361; with
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Evidence to Support Chronic Infection

Colonization is defined by the absence of
damaging effects to the host related to the pres-
ence of a pathogen and the absence of a specific
immune response. There are several parts of the
body where such colonization is seen (eg, skin, co-
lon) and is essential for health. The microbial path-
ogens that colonize these surfaces constitute a
microbiome. Recent advances in research tech-
nologies, especially high-throughput genomic
characterization, have made it possible to charac-
terize the microbiome. The healthy lung is sterile
by standard culture techniques. Even with molec-
ular techniques, the microbiome of the healthy
lung is sparse and transient, composed primarily
of oral flora that are microaspirated and cleared.50

In contrast, in a third of patients with COPD, po-
tential respiratory pathogens can be retrieved by
culture of lower airway samples.49,51 An abundant
microbiome can be found bymolecular techniques
in COPD lungs.52 Unlike other body surfaces, like
the skin and gut mucosa, the lung is not well
equipped to handle a microbiome. Therefore, mi-
crobial presence in the lower airways in COPD is
harmful.

Several studies have described excess inflam-
mation in stable patients with COPD when
colonized with bacterial pathogens.51,53–56 The
airway inflammation associated with bacterial
colonization is predominantly neutrophilic. Studies
comparing sputum samples from colonized and
noncolonized patients have found higher levels of
TNF-a, interleukin-8, interleukin-6, leukotriene
B4, neutrophil myeloperoxidase, and elastase,
and lower levels of the antiprotease secretory
leukocyte protease inhibitor.53,54,56,57 Broncho-
scopic sampling of the lower airway with bron-
choalveolar lavage showed increased levels of
neutrophils, TNF-a, interleukin-8, matrix metallo-
proteinase 9, and endotoxin in association with
bacterial colonization.49,51,58 Although several
mediators contribute to COPD pathogenesis,
interleukin-8 in particular has been associated
with increased exacerbation frequency, longer
recovery periods, worsening airway obstruction,
and development of bronchiectasis.58,59 Bacterial
(M catarrhalis) acquisition, even without an in-
crease in symptoms of an exacerbation, has
been associated with increases in proteolytic
activity and a reduction in antiproteolytic defense,
resulting in worsening of the protease/antipro-
tease imbalance that is thought to cause progres-
sive lung damage in COPD.56 The inflammatory
profile seen with bacterial colonization is similar
to that seen with bacterial exacerbations, implying
that colonization is a low-grade infection.
Following exacerbations of COPD, specific im-
mune responses, both systemic and mucosal, to
the infecting strain are often observed. Similar ob-
servations have now been described following
colonization.18,19 This active immune response
supports the presence of chronic infection in
COPD. Furthermore, with M catarrhalis, a differen-
tial immune response is seen with colonization,
which is accompanied by a stronger mucosal
immune response, compared with a stronger sys-
temic immune response accompanying exacerba-
tions.18 Whether the nature of the immune
response dictates the clinical expression of infec-
tion or vice versa is not clear.

The potential contribution of viral and atypical
pathogens to chronic infection in COPD has
been controversial. Latent adenoviral infection of
the lungs, in the form of integration of portions
of adenoviral DNA into cellular DNA, was found
to enhance the inflammatory response to tobacco
smoke, and thereby was thought to contribute to
COPD pathogenesis.60 Initial studies showed
that such adenoviral integration was more com-
mon in COPD than in controls; however, sub-
sequent studies have not supported this
observation. Latent RSV infection has been
described in COPD by one group of investigators,
but has not been found by others.61,62 The pres-
ence and contribution of chronic chlamydial lung
infection in COPD remains similarly controversial,
with inconsistent observations from various
investigators.

Besides the direct microbiological evidence of
infection and its consequences, other indirect lines
of evidence of chronic infection in COPD have
emerged from radiological and pathologic studies.
In a pathologic study of small airways of patients
with COPD, the extent of formation of lymphoid
aggregates predominantly composed of B cells
had the best correlation with the degree of airflow
obstruction.63 It is likely that these aggregates
represent a local host immune response to chronic
microbial infection. Furthermore, this pathologic
finding was replicated in a mouse model of chronic
inflammation in the lungs induced by repeated
instillation of nontypeable H influenzae lysate.64

Widespread use of high resolution computed to-
mography scans has revealed that bronchiectasis
develops in a substantial proportion of patients
with COPD. In a comprehensive study of 92 pa-
tients with stable moderate or severe disease,
57.5% had bronchiectasis, and its presence was
related to worse lung function, hospital admission
in the past year, and chronic bronchitic symp-
toms.65 Repeated sputum cultures in these pa-
tients linked chronic colonization with potential
bacterial pathogens (predominantly nontypeable
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H influenzae and P aeruginosa) with the presence
of bronchiectasis.65

In summary, these various lines of investigation
support the paradigm of a vicious circle of infec-
tion and inflammation in COPD. However, COPD
is a heterogeneous disease and it is likely that in
30% to 50% of these patients chronic infection
plays a prominent role, these being the ones
with chronic colonization, bronchiectasis, and/or
chronic bronchitis. Future longitudinal natural his-
tory studies or studies with interventions that
decrease bacterial colonization and measure dis-
ease progression are needed to prove the
vicious-circle hypothesis.

Mechanism of Increased Susceptibility to
Infection in COPD

Although infection is a comorbid condition in
COPD and much has been learned about the inci-
dence and consequences of infection in this
disease, understanding of the mechanisms under-
lying increased susceptibility to infection seen in
COPD is still in its early stages. Alterations in
both the host and pathogen can contribute to
establishment of acute and chronic infections,
and both play a role in COPD. Disruptions in the
host that increase susceptibility to infection can
be categorized into changes in innate or adaptive
lung defense. Pathogen alterations include host
defense evasion mechanisms.

Host Defects: Innate Immunity

The healthy lung possesses a multilayered, redun-
dant, and highly efficient innate defense system
that allows it to maintain an almost pathogen-
free environment in spite of being constantly
exposed to a variety of microbes through inhala-
tion and microaspiration. This innate immune sys-
tem of the lung has 3 components: mechanical
barrier, humoral, and cellular response systems.
This nonspecific immunity is the first line of de-
fense against viruses, bacteria, and other particu-
lates. It recognizes antigenic ligands entering the
airway via pattern-recognition receptors and trig-
gers series of responses resulting in complement
activation and phagocytosis. The end result is
elimination of the antigen or its presentation on
the surface of the macrophages and activation of
the adaptive immunity. In patients with COPD,
several innate responses are impaired, leading to
increased susceptibility to infection.

Mucociliary clearance
The mucociliary clearance is the first barrier to
noxious agents, by effectively trapping and
clearing inhaled and microaspirated microbial
pathogens. Both normal mucus and a normal
ciliary apparatus are required for effective muco-
ciliary clearance. Abnormal mucus (such as in
cystic fibrosis) and a dysfunctional ciliary appa-
ratus (such as in ciliary dyskinesia) are associated
with acute and chronic bronchial infection.
Augmented mucus production can be regarded
as a defensive response to particulate or microbial
exposure. However, when the exposure is chronic,
and inflammation and ciliary dysfunction are also
present, it could worsen mucociliary clearance.
Smoking disrupts mucociliary clearance, not

only by augmenting mucus production but also
by inducing structural abnormalities in the ciliary
apparatus.66 Studies in moderate to heavy
smokers have shown longer lung clearance times,
although the degree of impairment is variable.67,68

Further deterioration in mucociliary clearance is
seen with development of chronic bronchitis and
airway obstruction in smokers.69–71 Patients with
COPD have hypertrophy and hyperplasia of their
airway goblet cells and increased mucus
stores.72,73 In tissue and animal models, exposure
to S pneumoniae and H influenzae results in further
upregulation of mucin production.74,75 Neutro-
philic inflammation also worsens mucociliary func-
tion, mediated by increased mucus production,
reduced ciliary beating, and altered viscoelastic
properties of mucus.

Immunoglobulin A
Immunoglobulin (Ig) A, especially polymeric secre-
tory IgA, plays an important role in innate defense
by coating the bacterial pathogen, thereby inter-
fering with its ability to interact with the mucosal
surface (immune exclusion). IgA can also
neutralize infectious agents and could act as an
opsonin assisting in pathogen elimination. Local-
ized areas of IgA deficiency in the large and small
airways are seen in COPD that were associated
with squamous metaplasia. Polymeric IgG recep-
tor expression, a receptor required for transcytosis
of the IgA molecule from the basolateral to the api-
cal surface of the epithelial cell, was reduced in
these areas.76 These changes in IgA could be an
important mechanism of infection susceptibility in
COPD.

Antimicrobial peptides
Antimicrobial polypeptides abundant in the airway
surface lining fluid have antimicrobial and immu-
noregulatory functions. One major group, the
cationic polypeptides, includes lysozyme, lacto-
ferrin, defensins, the cathelicidins (LL-37), and
secretory leukocyte protease inhibitor (SLPI).77–82

Another important group, the collectins, include
surfactant protein-A (SP-A), surfactant protein-D
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(SP-D), and mannose-binding lectin.83 Complex
and dynamic alterations in various antimicrobial
polypeptides have been described in COPD,
both in the stable state and during exacerbations.

Deficiencies of SLPI and lysozyme in the stable
state have been associated with more frequent
exacerbations.84,85 Decreased serum mannose-
binding lectin has been linked with exacerbation
frequency in COPD, but this has not been a
consistent observation.86 Lower airway concen-
trations of SP-A and SP-D are seen in smokers,
with further decreases in association with emphy-
sema.87,88 Lower levels of beta-defensin 2 and
Clara Cell Protein 16 (CC16) and increased levels
of elafin and SLPI in sputum supernatants in stable
COPD have been observed.89 Decreased levels of
beta-defensin 2 in the central airways, but not in
the distal airways, of smokers with COPD were
found in a study of resected lung specimens.90

Dynamic changes in antimicrobial peptides have
also been described with exacerbations of COPD.
SLPI levels decrease significantly at the time of
such exacerbations, which return to baseline after
resolution.78 Lysozyme and lactoferrin levels
decrease and LL-37 levels increase with both
Fig. 4. Comparison of phagocytosis of nontypeable H in
pneumoniae (C), and latex microspheres (D) by human
smokers with COPD, and ex-smokers with COPD. (Modif
Phagocytic dysfunction of human alveolar macrophages a
J Infect Dis 2013; with permission.)
colonization and infective exacerbations with H in-
fluenzae and M catarrhalis.78 In a human model of
rhinoviral infection, impaired elafin and SLPI re-
sponses following rhinoviral infection were associ-
ated with secondary bacterial infection.27

Macrophage function
Key cellular components on innate lungdefenseare
alveolar macrophages and airway epithelial cells.
Phagocytic and cytokine responses of alveolar
macrophages to bacterial pathogens are crucial
for dealing with small pathogen inocula, without
invoking potentially damaging inflammatory and
adaptive immune responses. Alveolar macro-
phages from patients with COPD show impaired
ability to phagocytoseH influenzae andMcatarrha-
lis, but not S pneumoniae or inert microspheres.
This impairment is correlated with worsening lung
function (Fig. 4).91 Alveolar macrophages from pa-
tients with COPD also have a less robust cytokine
response to bacterial proteins, specifically outer
membrane protein P6 and lipo-oligosaccharide
(endotoxin) of H influenzae.92–94 Following expo-
sure to rhinovirus, alveolar macrophages showed
decreased cytokine responses to bacterial
fluenzae (A), Moraxella catarrhalis (B), Streptococcus
alveolar macrophages from healthy controls, current
ied from Berenson CS, Kruzel RL, Eberhardt E, et al.
nd severity of chronic obstructive pulmonary disease.
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lipopolysaccharide and lipoteichoic acid,95 which
could explain the increased susceptibility to bacte-
rial infection after viral infection in COPD.
These decrements in macrophage function are

likely secondary to several mechanisms, including
reduction in pattern-recognition receptors such as
Toll-like receptors TLR2 and TLR4, reduction in
scavenger receptors such as macrophage recep-
tor with collagenous structure (MARCO), or alter-
ation in subpopulations of macrophages in the
airway.96–98 TLR2 has been found to be downre-
gulated in smokers, patients with COPD, and
farmers exposed to organic dust.96,99,100 TLR4
downregulation is associated with the develop-
ment of emphysema and worse airflow limitation
in smokers.101 Polymorphism T399I of the TLR4
gene has been associated with development of
COPD phenotype in smokers.102

Pathogen Mechanisms

Tissue invasion
H influenzae was traditionally regarded as an
extracellular pathogen. However, molecular
detection techniques have shown this pathogen
in the bronchial epithelium and inside subepithelial
macrophages in COPD.23,48 These tissue bacteria
could be shielded from the actions of antibiotics
and antibodies, and therefore could be more resis-
tant to eradication. Molecular detection often de-
tects H influenzae in airway secretions and lung
samples when cultures are negative, which could
be explained by such tissue invasion.

Biofilm formation
Biofilms are bacteria encased with an extracellular
matrix, which is usually composed of polysaccha-
rides produced and secreted by bacteria. Bacteria
in the core of the film, which is predominantly anaer-
obic, are in a lowmetabolic state. Antibiotic penetra-
tion into biofilms is limited, requiring up to 1000 times
higher concentrations to achieve eradication.103

Parts of the biofilm can detach and cause distant
infection. Pathogens common in COPD, including H
influenzae, M catarrhalis, and P aeruginosa, are
capable of biofilm formation. Furthermore, smoke
exposure has been shown to increase biofilm forma-
tion.104P aeruginosa in cystic fibrosis is the prototyp-
ical example of biofilm formation as a mechanism of
persistence in the lung.Whether bacterial biofilmsare
present inCOPDairways is not yet known.105Mucoid
Paeruginosa and somestrains ofH influenzaepersist
clinically for long periods in spite of repeated antibi-
otic exposure, which is reminiscent of cystic fibrosis.

Antigenic alteration
Pathogens can evade the host immune response
by alteration of their surface proteins, which are
targets of the host immune system. The P2
outer membrane protein of H influenzae, which
is a major target of bactericidal antibodies in
COPD, shows extensive antigenic variation among
strains of this pathogen.106 Serial persistent
isolates of H influenzae in COPD show diminu-
tion of high-molecular-weight adhesin expression,
which could represent another immune evasion
mechanism.107
FUTURE DIRECTIONS

The role of infection in COPD is an evolving topic
with extensive ongoing research trying to better
understand host-pathogen interactions and find
suitable targets for intervention. Although exacer-
bation pathogenesis is better understood now,
much still needs to be learned about pathogen
virulence and causal overlap. The vicious-circle
hypothesis exposes the complex interactions be-
tween smoking, innate immunity, and respiratory
pathogens. Augmentation and modulation of the
innate and adaptive host immunity as well as
formulation of novel antibacterial agents and
vaccines are paramount in future research and
development in COPD.
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