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Immune mechanisms and the impact of the disrupted lung
microbiome in chronic bacterial lung infection and bronchiectasis
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Summary

Recent studies analysing immunogenetics and immune mechanisms control-
Diseases and Immunity, Hammersmith Campus, ling susceptibility to chronic bacterial infection in bronchiectasis implicate
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Infection, Imperial College London, and Bronchiectasis is a structural pathological end-point with many causes and
disease associations. In about half of cases it is termed idiopathic, because it
is of unknown aetiology. Bronchiectasis is proposed to result from a ‘vicious
cycle’ of chronic bacterial infection and dysregulated inflammation. Para-
doxically, both immune deficiency and excess immunity, either in the form
of autoimmunity or excessive inflammatory activation, can predispose to
disease. It appears to be a part of the spectrum of inflammatory, autoim-
mune and atopic conditions that have increased in prevalence through the
20th century, attributed variously to the hygiene hypothesis or the ‘missing
microbiota. Immunogenetic studies showing a strong association with
human leucocyte antigen (HLA)-Cw*03 and HLA-C group 1 homozygosity
and combinational analysis of HLA-C and killer immunoglobulin-like recep-
tors (KIR) genes suggests a shift towards activation of natural killer (NK)
cells leading to lung damage. The association with HLA-DR1, DQ5 impli-
cates a role for CD4 T cells, possibly operating through influence on suscep-
tibility to specific pathogens. We hypothesize that disruption of the lung
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nance of chronic infection dominated by microbial pathogens. This review
discusses the implication of these concepts for the development of therapeu-
tic interventions.
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function. The potential for deviation from this, either

Introduction through failure to properly clear microbial pathogens or

All mucosal surfaces pose complex challenges for immune
protection, but the issues around effective, regulated
immunity at the lung mucosa have posed particularly dif-
ficult questions for immunologists [1]. In the context of a
massive surface area evolved for efficient gas exchange,
constantly sampling the environment with all its pol-
lutants, microbial pathogens and allergens the need is
to harness an armamarium of physical and biochemical
innate and adaptive mechanisms in order to retain optimal

through excessive inflammation and ensuing structural
damage, is evident from the relatively common clinical
end-points seen to result from these events. With the
impact over the past 10 years of improved metagenomics
methodologies for sequencing the microbiota has come
the beginning of a greater appreciation that we must
also grapple with the variable, environmental, competi-
tion within this niche between microbial pathogens and
resident commensals [2].
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In this review we summarize recent progress in analysing
immune mechanisms controlling susceptibility to chronic
bacterial infection in the lung, with particular attention to
idiopathic bronchiectasis. Bronchiectasis is a disease defined
by its pathological end-point that can be arrived at through
many diverse aetiologies. Idiopathic bronchiectasis is
defined as bilateral predominantly lower lobe bronichectasis
and sinusitis of unknown aetiology [3]. Features of the
clinical presentation and pathological picture indicate a fas-
cinating interplay between immunogenetic susceptibility,
immune dysregulation and chronic bacterial infection.

A very wide spectrum of overt or subtle immune defi-
ciencies may predispose to recurrent bacterial and fungal
infections. The term ‘idiopathic bronchiectasis’ describes
a specific pathological profile, variably encompassing
irreversible, abnormal, bronchial dilatation with chronic
inflammation of the airways. Damage to elastic and muscle
layers in bronchial airways causes abnormal dilatation,
allowing accumulation of mucus and facilitating bacterial
infection. The lack of ciliated cells in the damaged epithe-
lium precludes effective removal of mucus, thus promoting
chronic bacterial colonization. This is associated clinically
with chronic cough and sputum production, recurrent
chest infections and airflow obstruction. Bronchiectasis is
often described in textbooks as being defined by ‘a common
structural end-point with many causes’. These may range
from viral, bacterial or mycobacterial post-infectious
damage to cystic fibrosis, immune deficiencies or foreign
body obstruction. According to a view first posited by Peter
Cole, it has long been assumed that the disease results from
a vicious cycle of chronic infection and dysregulated
inflammation [4]. In its simplest form, a confounder for
proponents of this view is that distinct strands of evidence
variously implicate deficiencies in immunity and subopti-
mal immunity, or an excess of immunity in the form of
either autoimmunity or excessive inflammatory activation.
One of the immune deficiencies, transporter for antigen
presentation (TAP) deficiency, is itself associated with aber-
rant and excessive immune activation as a consequence of
impaired human leucocyte antigen (HLA) class I expression
[5].The aim of this review is to summarize and synthesize
the immunological, molecular and cellular pathways that
may lead from initial insult to this common but distinctive
pathological end-point.

Epidemiology and aetiology

The observation that there are very substantial differences
in incidence of bronchiectasis across geographically and
ethnically diverse populations is indicative of the aetiologi-
cal mix of genetics and environment believed to underpin
susceptibility to this disease. For example, in central Aus-
tralian Aborigines, the incidence of bronchiectasis is 14 per
1000 (nearly 300 times the incidence reported from
Finland), probably reflecting distinct aspects both of

bacterial exposure and of immunogenetics [6]. In this
population, human T lymphotrophic virus type 1 (HTLV-1)
infection is associated with multi-focal bronchiectasis,
increased morbidity and higher mortality, suggesting that
HTLV-1 increases the risk of bronchiectasis and exacerbated
outcome [7]. Bronchiectasis remains a significant cause of
childhood morbidity in developing countries.

While bronchiectasis will often be diagnosed with
no known underlying initiating cause (that is, idiopathic
bronchiectasis), specific causes can include episodes of bac-
terial infection such as Bordetella pertussis, Mycobacterium
tuberculosis, non-tuberculous mycobacteria (NTM), child-
hood measles or the immune response to fungal exposure
with Aspergillus [allergic bronchopulmonary aspergillosis
(ABPA)]. Bronchiectasis is a key feature of cystic fibrosis
[3]. Some cases are due to mucociliary clearance defects,
including primary ciliary dyskinesia (PCD) [8]. Presenta-
tion is typically with chronic cough and sputum produc-
tion, recurrent bacterial infection and tiredness.

Genetic studies have focused thus far on candidate gene
rather than genome-wide approaches. Analysis of HLA class
II polymorphisms in a UK Caucasian disease cohort shows
an association with HLA-DRBI1*0101/HLA-DQB1*0501
[9]. In light of the diverse array of microbial pathogens that
colonize the lungs during chronic infection, it seems most
likely that genetic association with a single HLA class 1I
haplotype implicates immunogenetic susceptibility to spe-
cific, initiating pathogens. However, no association has been
found with polymorphisms in Toll-like receptor (TLR)-2 or
TLR-4 [10].

It had been thought that the prevalence of bronchiectasis
was decreasing in the developed world as a result of child-
hood immunizations, increased use of antibiotics and
decreased tuberculosis. However, it is now clear that bron-
chiectasis is one of the spectrum of inflammatory, autoim-
mune and atopic conditions which shows an increasing
disease burden: a recent US retrospective study covering the
period 1993-2006 reported an average annual age-adjusted
increase in the rate of bronchiectasis-associated hospitaliza-
tions of 2-4% in men and 3:0% in women [11].

Association with autoimmune disease

Any consideration of immunopathogenesis in bronchiecta-
sis must account for the fact that, while there have been no
data posited in support of this as an autoimmune disease, it
is often seen as a part of the pathological spectrum in a
subset of established autoimmune diseases [3]. It is seen
most commonly with rheumatoid arthritis, ulcerative colitis
and, more rarely, with Crohn’s disease, systemic lupus ery-
thematosus (SLE) and Sjogren’s syndrome [12,13]. While
rheumatoid arthritis (RA), ulcerative colitis (UC) and bron-
chiectasis may clearly all be considered under a common
banner of ‘dysregulated immunity’, it is by no means clear
what might be the mechanistic common denominators and
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why this respiratory pathology is associated more com-
monly with these autoimmune diseases than with others.
Symptoms of RA may either precede or follow the diag-
nosed presence of bronchiectasis, and severe RA does not
appear to confer any greater risk than mild RA. Any effort
to identify common underlying features of these autoim-
mune pathologies as a predisposing risk for the diseases
must also encompass the fact that up to 10% of cases are
in individuals with common variable immunodeficiency
(CVID) or other antibody deficiencies [3,14]. Interestingly,
about 20% of patients with CVID also develop autoim-
mune complications, most commonly thrombocytopenia or
haemolytic anaemia, but also inflammatory bowel disease,
rheumatoid arthritis, primary biliary cirrhosis, thyroiditis,
sicca syndrome and systemic lupus and a multi-system
granulamatous disease. Human immunodeficiency virus
(HIV) infection is a risk factor for bronchiectasis. Put sim-
plistically, then, this is a pathological end-point that can sit
alongside either deficient or excessive, but always dysregu-
lated, immunity. Interestingly in this regard, while the inter-
feron (IFN)-y (+874 T/A) functional polymorphism and a
CXCR-1 (+2607 G/C) polymorphism proposed to impact
interleukin (IL)-8 binding and neutrophil trafficking were
not associated with enhanced risk of bronchiectasis per se,
they were associated strongly with bronchiectasis following
colectomy in UC [15]. The observation that onset of bron-
chiectasis can often follow colectomy for UC raises the pos-
sibility that perturbation of the gut microbiota has had a
systemic impact on immune regulation, leading to altered
inflammatory control in the lung.

Both RA and UC are treated increasingly by tumour
necrosis factor (TNF)-a antagonists, etanercept and inflixi-
mab, raising the issue of whether there is increased suscepti-
bility to respiratory infection and bronchiectasis in this
treatment group [16]. Some studies show greater suscepti-
bility to respiratory bacterial and viral infections in these
treatment groups. We are aware of one case report of bron-
chiectasis with non-tuberculous mycobacteria following
etanercept treatment for RA [17]. However, when one con-
siders the very large number of patient years’ treatment
accumulated thus far in UC and RA, one might conclude
that there is no evidence that TNF blockade and any conse-
quent increase in respiratory infection have resulted in an
increased prevalence of bronchiectasis in this treatment

group.

Lung infections in the context of the
lung microbiome

The pathogens associated most commonly with infective
exacerbations in bronchiectasis are Haemophilus influenzae,
Haemophilus parainfluenzae and Pseudomonas aeruginosa.
Other infections can include Streptococcus pneumoniae, Sta-
phylococcus aureus, Stenotrophomonas, non-tuberculosis
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mycobacteria and Aspergillus. Across the range of chronic
lung conditions, there has been growing interest in the use
of a non-culture-based approach to a more comprehensive,
metegenomics-based 16 s sequence analysis of the species
present [18-21]. In general, inflammation is associated with
reduced microbiome complexity [21]. Data sets are starting
to emerge of 16 s sequences from the lung microbiota of
healthy individuals, as well as those with asthma, chronic
obstructive pulmonary disease (COPD) and cystic fibrosis
[18-21]. These data sets will become progressively more
useful with the advent of more comprehensive RNAseq-
based methodologies for sequencing, with greater momen-
tum behind efforts to culture and manipulate the species,
and with greater efforts to understand the functional corre-
lates of microbiome changes. Certainly, the lung microbiota
can be seen to change, between health and disease, with
antibiotic use and between different parts of the lung.
Increasing awareness of the lung microbiota has brought
into question the distinction between those bacterial species
that are pathogens and those commensals that comprise our
physiological microbiome. Species within the nasopharyn-
geal microbiota such as S. pneumoniae will, to most people
most of the time, be present as a commensal, existing in a
state of asymptomatic, tolerated equilibrium with host
immunity. A key aspect of this that remains relatively poorly
understood is the activation of innate receptors, including
TLRs by commensal organisms, and the downstream conse-
quences of this activation for immune programming [22].

The fact that the bronchiectasis burden is increasing at a
time when greater availability of antibiotics and improved
hygiene might have been predicted to herald a decrease sug-
gests that these or other environmental changes may con-
tribute to a paradoxical rise. Falkow and Blaser have used
the term ‘disappearing microbiota hypothesis’ to explain the
rising burden of diseases, including those of inflammatory
pathogenesis [23]. They argue that with changes in hygiene
and clinical practice, perturbations in human macroecology
have progressively modulated the composition of the indig-
enous microbiota, thus changing human physiology and
disease risk. One possible mechanism for such influence is
suggested by studies of immune repertoire changes in germ-
free mice: it is clear that changes to host bacterial ecology
can have a profound impact on immune subsets, including
T helper type 1 (Th1)/Th2 balance and development of
Th17, regulatory T cell (Twg) and invariant natural killer
(AINK) T cells, with consequent downstream implications
for disease susceptibility [24,25].

At minimum, a microbiome-based approach to lung
disease offers a frame of reference for diseases such as bron-
chiectasis, in which neither the presence nor absence of any
specific species can account for susceptibility [26]. Gordon
and colleagues have used the term ‘community as pathogen’
to describe the situation such as that seen in inflammatory
bowel disease, in which disease ensues from an inflamma-
tory context imprinted by the microbial ecology [27]. It is
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likely that the relevance of this hypothesis extends to other
diseases, including bronchiectasis.

At a time when academic departments of respiratory
medicine increasingly embrace the new approaches offered
by metegenomics, we need to be very clear why we are
doing this and what rewards may be on offer. Certainly, to
regard this as a high-technology route to identification and
curation of ever more bacterial species that we can then
‘treat” would be to miss the point entirely, and may exacer-
bate the pathologies we seek to alleviate. The enormous
challenge, moving from the initial gains of 16 s sequence
curation to annotating the functional genomics, will be to
determine the rules and pathological correlates of lung bac-
terial ecology. Which are the ecological shifts that allow
chronic colonization by pathogenic strains such as pseu-
domonas, how can these be manipulated, and how do
natural or therapeutically induced changes in the micro-
biota contribute to reprogramming of local bacterial
immunity?

Immune mechanisms

By Occam’s razor, the HLA class II association in bron-
chiectasis would best be accounted for by a classic immune
response gene effect, determining the magnitude of respon-
siveness to an underlying pathogen [9]. The immunocyto-
chemical detection of T cells in bronchiectatic lung sections
is compatible with a role of T cells in specific host defence
or immunopathogenesis [28]. However, arguing against
a simple model of this type, it appears unlikely that this
disease is driven commonly by a single, dominant pathogen.
Furthermore, lung histopathology shows infiltrating CD4
and CD8 cells, the latter predominating. T cell infiltrates
are activated (HLA-DR") and located mainly in the lamina
propria [28]. There are also activated macrophages and
dendritic cells. In a disease with chronic neutrophilia, one
has to consider the possibility of excessive or dysregulated
IL-17 release as a driver. While there is considerable focus
on the role of Th17 cells in resistance to bacterial infection
[29,30], it is likely that much IL-17 release may derive from
other sources, including yd T cells iNK T and NK cells. In
line with this, the airway submucosa of non-cystic fibrosis
(CF) bronchiectasis and CF patients show enhanced levels
of IL-17* cells, both innate and adaptive [31]. Furthermore,
IL-17* cells were correlated with neutrophilia, making them
potential candidates in driving the vicious cycle of infection
and inflammation in bronchiectasis.

In King’s laboratory, Holdsworth and colleagues focused
on baseline immune parameters in bronchiectasis patients
compared to controls and the innate and adaptive immune
response to non-typable H. influenzae [32,33]. Most aspects
of baseline, systemic, cellular immunity were normal in this
patient group, although minor subsets were outside the
normal range either for CD4 numbers or for neutrophil
oxidative burst.

Genotypic  analysis of HLA-C and  killer
immunoglobulin-like receptors (KIR) has been used across
a wide range of infectious, inflammatory and autoimmune
disease phenotypes to elucidate the potential contribution
of NK cell activation programmes in disease susceptibility
[34,35]. From such studies has come the concept that,
depending both on inheritance of predominantly activating
or inhibitory KIR genomic repertoires and on differential
inheritance of the cognate HLA class I ligands, humans may
be considered to have an inherent potential for NK cell acti-
vation ranged across a spectrum of activation [36]. Suscep-
tibility to viral infection, including hepatitis C virus (HCV)
and HIV, has tended to be associated with inhibitory geno-
types, while susceptibility to autoimmune and inflamma-
tory pathology has often been associated with activating
genotypes. Analysis of KIR and HLA class I genotypes
appears informative with respect to susceptibility to idi-
opathic bronchiectasis: HLA-Cw*03 alleles and, in particu-
lar, HLA-C group 1 homozygosity were associated with
increased risk of bronchiectasis [37,38]. Approximately half
the bronchiectasis cohort were homozygous for HLA-C
group 1 compared with a quarter of controls. Homozygos-
ity effects of this type are reminiscent of several other NK
cell disease studies, in which homozygotes missing ligands
for inhibitory receptors are predicted to have fewer NK cells
under inhibitory control [39,40]. Bronchiectasis patients
encompass a significantly increased number of individuals
expressing only HLA-C group 1 with 2DS1 and/or 2DS2
stimulatory KIRs — a combination that would be considered
at the extreme end of the activation spectrum for NK cells.
This model will acquire greater nuance and complexity
as we gain the ability to factor in both polymorphic KIR
variability and copy number variability [41,42]. Specific,
functional data addressing the hypothesis based on the
genotypic data are not yet available. Certainly, NK cells play
a critical role at the innate—adaptive interface during lung
infection, and are implicated in immunity to many of the
key pathogens implicated in the respiratory infections of
these patients [43,44].

Concluding remarks

Reductionist immunology has in the past demanded that
specific respiratory infections tend to be studied experi-
mentally as individual entities. Physiologically, however, the
lung is a complex microbial ecosystem in which multiple,
pathogenic bacterial, viral and fungal strains may all
compete simultaneously for survival. In so doing, they alert
the innate receptors of host immunity, eliciting innate
and then adaptive responses or potentially diverse subset
polarization (Fig.1). This picture has become more
complex in recent years, as it has been appreciated that
these pathogenic strains are a minute part of a much larger
and highly variable microbial ecosystem, comprising the
non-pathogenic microbiota. Changes to the microbiota,
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Fig. 1. The disrupted microbiota in the vicious
cycle of chronic bacterial infection and
inflammation in the lung.

whether through bacterial competition for niches, changes
to the inflammatory milieu or anti-microbial therapy, are
likely to impact upon T cell subset polarization, as is the
case in the gut. Blaser and Falkow have made a highly
articulate case for the ‘missing microbiota’ as a risk factor
underlying the increase in inflammatory diseases. We con-
sider bronchiectasis a probable example of such events. Cer-
tainly, inflammatory lung disease appears to be associated
with a simplified microbiota. A more detailed, functional
annotation of the lung microbiota in health and disease will
be needed before we can really determine whether we
should regard such diseases as arising out of a ‘missing’ or
‘disrupted’ microbiota. A prediction from the evidence in
bronchiectasis is that the subset of patients in whom disease
is identified following colectomy for ulcerative colitis are
likely to show changes both in the lung microbiome and in
lung immune subsets. If we are to break the vicious cycle
of inflammation and infection that underpins chronic
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bacterial lung infection in bronchiectasis, we will need an
improved understanding of how to modulate judiciously
the lung ecosystem with anti-microbials, as well as of
the consequences of infection and therapeutics on the
specific patterns of respiratory innate and adaptive immune
responses. Current advances in utilization of high-
throughput sequencing for rapid and precise chracteriza-
tion of respiratory pathogens will aid in the timely and
appropriate prescribing of antibiotics. Some way further off
is the potential for probiotic manipulation of the micro-
biota and for therapeutic intervention in KIR activation.
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