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Abstract
The absolute requirement of the pulmonary immune system is to limit the inflammatory
consequences of inhaled infectious agents while maintaining tolerance to harmless aeroallergens.
This tolerance is maintained by a complex network of cells and molecules interacting with lung
stromal cells. However, in some individuals there is a breakdown in tolerance to particles such as
pollens, animal dander, or dust, resulting in the development of allergic pathology. Emerging
evidence suggests that this breakdown in tolerance is influenced by the genetic background of
individuals as well as environmental considerations such as early exposure to respiratory
pathogens. Further understanding of the mechanisms used by the pulmonary immune system to
maintain tolerance might result in exploitation of novel avenues for therapy to treat the growing
number of chronic asthmatic patients.

The lung is a unique mucosal site, with its huge surface area constantly being exposed to the
external environment that contains vast amounts of antigenic material. Particles in the air
that we breathe range from relatively large visible dust to very fine invisible particles that
can penetrate deep within the lungs. Although these particles are potentially immunogenic,
they do not usually represent a threat to the individual. Therefore, to prevent constant
induction of de novo immune responses and development of memory effector cells that
would precipitate chronic inflammation, a number of control mechanisms exist to promote
immune tolerance. These pathways are vital because even a small amount of inflammation
compromises respiratory function by limiting the surface area available for gas exchange.
However, tolerance must be exquisitely controlled so that immune responses to pathogens
are not compromised; thus, regulatory mechanisms must distinguish between harmless
airborne particles and infectious agents. The complex network that makes this distinction
comprises the pulmonary epithelium interacting with cells of the immune system, including

regulatory T cells (Tregs), resident lung macrophages (M ), and cells of the innate immune
system such as γδT cells (Figure 1).

HOW PULMONARY IMMUNE SYSTEM IS SHAPED POSTNATALLY
Both the immune system and the lungs continue to develop after birth, and it is likely that
early life events influence the pulmonary immune landscape. After birth, there is a rapid
colonization of the neonatal skin and gut with microbial flora. Therefore, birth is
characterized by a distinct pattern of innate immune molecules at the mucosal epithelia as
well as the mobilization of acute-phase responses in the peripheral blood as a coordinated
response aimed to limit infection while avoiding excessive inflammatory responses to
microbial products.1 Murine studies have shown that expression of Toll-like receptor (TLR)
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2 and TLR4 are undetectable in the immature fetus but increase several fold during prenatal
development and after birth.2 Therefore, it is clear that early exposure to pathogens would
affect TLR programming in the lung, but the influence of childhood infection on the specific
development of allergic disease has been the matter of considerable debate. Although viral
infection in early childhood is thought to be a risk factor for development of asthma, the
“hygiene hypothesis” proposed that early childhood infections inhibit tendency to develop
allergic disease,3 and hence early infection is actually protective. Epidemiologic evidence
seems to support this hypothesis, as for those children living in developed countries, having
several older siblings, early attendance at day care, and exposure to livestock are all
associated with a lower incidence of allergic disease.4 However, most of the evidence relates
to protection against atopy and atopic diseases rather than asthma itself. In addition, the
evidence correlates bacterial infection or exposure with microbial products that would affect
TLR programming in the lung. As the majority of the wheezing lower respiratory tract
illnesses of childhood are caused by viruses, it has been postulated that early exposure to
viruses has lasting effects on the shaping of pulmonary immune responses and are thus a risk
factor for developing asthma.5–7

In addition to infection, other factors such as exposure to environmental pollution and
dietary considerations,8,9 including levels of zinc and vitamins D and E,10,11 have recently
been highlighted to influence the development of disease in early life. Increasingly, many of
these factors have been implicated in the programming or development of regulatory
pathways in early life. Irrespective of whether infection is beneficial or harmful for the
development of asthma, it is clear that its influence is likely to be highly dependent on both
the timing and nature of the infection and will have critical implications in the programming
of the immune system. This programming is likely to take the form of regulation involving
multiple cell types, including regulatory CD4+ T cells. However, direct evidence in patients
is still lacking.

There is evidence that environmental factors may influence the neonatal immune system
even before conception. Prenatal exposure to a farming environment influences innate
immune patterning. Maternal exposure during pregnancy to an environment rich in
microbial compounds was associated with higher levels of TLR2, TLR4, and CD14,
implying that exposure might prevent sensitization of the children.12 Studies in mice have
shown that exposure of mothers to endotoxin prevents subsequent allergen-induced
sensitization and airway inflammation in the pups.13 Moreover, immunologic tolerance can
be transferred from mother to her offspring if the mother is tolerized even before pregnancy,
implying that even before conception the immune status of the mother is critical in defining
the immune response of the offspring to allergens.14 Another environmental influence that
affects a child’ s risk of developing asthma or atopy is the diet of the mother. Reduced
maternal intake of vitamins D and E and zinc have all been associated with enhanced asthma
symptoms in children,11,15,16 but a recent study has shown that dietary factors can also
modify the risk of allergic airway disease through epigenetic mechanisms.8 Mice given a
diet rich in methyl donors resulted in enhanced allergic airway disease that was inherited
over multiple generations. This prenatal methyl-rich diet was postulated to promote DNA
methylation and reduce transcriptional activity of genes associated with downregulation of
allergic immune responses, such as Runx3.17 Prenatal maternal exposure to diets high in
folates, vitamin B12, choline, and methionine—all of which provide methyl donors—as well
as to cigarette smoke may repress gene transcription and promote asthma phenotypes.17

Although these studies have implicated regulatory factors such as interleukin-10 (IL-10) and
transforming growth factor-β (TGF-β) in the altered immune programming of the lung, there
is little evidence that specific Treg populations are actually affected. In contrast, a recent
elegant study examined whether exposure of lactating mice to an airborne allergen affected
development of allergic airway disease in their progeny.18 Airborne antigens were
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transferred efficiently through breast milk and this transfer resulted in tolerance and
protection from allergic asthma. Moreover, this breastfeeding-induced tolerance was
dependent on the presence of TGF-β during lactation and was mediated by regulatory CD4+

T cells that signaled through TGF-β. These data provide a mechanism underlying tolerance
provided by breastfeeding neonates and underpin the importance of maternal influences on
the development of regulatory mechanisms in the neonate. Thus, there is an age-dependent
maturation of the immune response after birth, but it is clear that the immune system is also
shaped by events that may occur prenatally, and even preconception that may in turn affect
how the immune system developed, and thus ultimately influence how the lungs respond to
inhaled environmental allergens.

MAINTENANCE OF PULMONARY IMMUNE HOMEOSTASIS
The pulmonary epithelium provides a barrier between the external inhaled environment and
the internal tissues. The epithelium responds to microbes and noxious stimuli that overcome
the mucociliary barrier and is thus vital for host defense. Within the epithelium, ciliated
columnar, mucus-secreting goblet cells, and Clara cells that secrete surfactant adhere
together to form a regulated, impermeable barrier due to the formation of tight junctions
localized at the apical surface. This intercellular adhesion complex consists of
interconnections of proteins and receptors, including ZO1-3, occludins, claudins, as well as
transmembrane junctional adhesion molecules (β-catenin, E-cadherin, and Junctional
adhesion molecules).19 During asthma, evidence shows that this barrier function is impaired,
with disruption of tight junctions and increased epithelial permeability.20 Respiratory
viruses, air pollutants, and proteolytically active allergens all have the capacity to inflict
such damage on the epithelium, and are all associated with exacerbated clinical symptoms in
asthma.

Apart from providing a physical barrier, the pulmonary epithelium is immunologically
active and is pivotal in the development of immune responses in the lung. Pulmonary
epithelial cells are able to secrete a wide range of cytokines and chemokines, but physically
they are in intimate contact with the immune system, and there is growing evidence that they
are also able to direct immune responses. Epithelial cells sense microbes through pattern
recognition receptors (PRRs) that include TLRs,21 NOD-like receptors,22 protease-activated
receptors (PARs) 1–4,23 and C-type lectins24 that recognize pathogen-associated molecular
patterns from viruses, bacteria, fungi, protozoa, and multicellular parasites. Although PRR-
triggered immune responses provide a critical antimicrobial monitoring system, activation of
these receptors represents a critical link between homeostasis mucosal injury, and it is now
clear that many allergens have the potential to modify the epithelial barrier through PRRs.
They can also secrete a range of antimicrobial mediators including lysozyme, defensins,
collectins, complement components, and other mediators that can break immunological
tolerance. Many of the molecules secreted by epithelial cells in response to danger have the
ability to regulate immune reactions and recruit cells of the innate and adaptive immune
system. Therefore, the initiation and maintenance of inflammation at epithelial surfaces is
induced by local mechanisms that have marked effects on the outcome of any immune
response. Newly identified, epithelial-derived mediators, including IL-25, IL-33, and thymic
stromal lymphopoietin, are critical upstream effectors of allergic sensitivity, triggered by
TLR and PAR-receptor signaling, facilitating the breakdown of tolerance to allergens.
Interestingly, IL-33 is capable of driving allergic inflammation even in the absence of IL-425

and promotes Th2 cell differentiation by programming the function of dendritic cells
(DCs).26 IL-25 exacerbates airway hyperreactivity (AHR) in the absence of Th2
cytokines.27 The expression of thymic stromal lymphopoietin is induced by various stimuli
including TLR,28,29 PAR-2 triggering,30 and house dust mite (HDM) allergen,19 preceding
DC infiltration.31 This group of innate proallergic cytokines is able to promote allergen-
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specific Th2 responses through DC recruitment and activation, but in addition drive
pathology directly, even in the absence of Th2 cytokines.

The lung is equipped with a sophisticated network of DCs that serve as sentinels for
pulmonary immune responses. Multiple subsets of DCs operate within the lung to control
immune responses.32 Classical DCs are resident within the lung at steady state and coexist
with plasmacytoid DCs that are thought to promote tolerance to inhaled antigens.33 During
inflammatory episodes there is recruitment of both inflammatory DCs and interferon-
producing killer DCs. Recent studies have determined that interaction between the DC
community within the lung and pulmonary epithelial cells is vital for DC activation and
migration to lymph nodes.34 Epithelial tight junctions regulate sampling of the airways by
DCs, but this barrier can be breached through the proteolytic action of enzymatically active
allergens such as Dermatophagoides pteronissinus (Der p) within HDM. Moreover, most
allergens contain TLR agonists that also results in DC activation through TLRs on the
epithelial surface. The functional importance of epithelial cell TLR signaling was recently
explored using a series of bone marrow chimeric mice in which TLR4 was absent from
either the stromal cells in the lung or the immune cells. Hammad et al.35 showed that it was
the expression of TLR4 on the pulmonary epithelium that was vital to trigger DC activation,
migration, and thus initiate an allergic response. Interestingly, Der p-2, a major allergen of
HDM, has been shown to share functional homology with the lipopolysaccharide-binding
adaptor MD-2, thus offering the possibility of facilitating TLR4 signaling to maximize
allergic responses.36 Moreover, although experimental induction of asthma in TLR4-
deficient mice led to diminished antigen-specific Th2 response, absence of the TLR adaptor
molecule myeloid differentiation primary response gene 88 (MyD88) led to an additional
reduction in the antigen-specific Th17 cells, suggesting that a combination of PRR signals
may promote distinct allergic phenotypes.37 Stimulation of the respiratory epithelium by
potent immunogenic β-glucan moieties contained within HDM has been shown to initiate
the allergic cascade through ligation of non-TLRs, most likely dectin receptor-1 on epithelial
cells, resulting in CCL20 (chemokine (C-C motif) ligand 20)-dependent recruitment of
antigen-presenting DCs to the lung resulting in initiation of the allergic cascade.38 It is
thought that the intrinsic protease activity associated with many allergens drives allergic
responses through the cleavage of PAR-2 on the surface of epithelial cells.39,40 For example,
it has been shown that the HDM allergen Der p-1-induced cytokine release from respiratory
epithelial cells is, in part, mediated by the activation of PAR-2.41 Collectively, these studies
highlight the importance of interaction and cooperation between structural cells and immune
cells in controlling lung immune responses.

Macrophages in the airways are long-lived residents of the airways that are involved in
steady-state homeostasis. After activation, macrophages can be broadly classified in two
main groups: classically activated macrophages (or M1), whose prototypical activating
stimuli are interferon-γ and lipopoly-saccharide, and alternatively activated macrophages
(or M2), further subdivided in M2a (after exposure to IL-4 or IL-13), M2b (immune
complexes in combination with IL-1 β or lipopolysaccharide), and M2c (IL-10, TGF-β, or
glucocorticoids).42 M1 show potent microbicidal properties and promote strong IL-12-
mediated Th1 responses, whereas M2 support Th2-associated effector functions. Beyond
infection, M2 polarized macrophages have a role in the resolution of inflammation through
high endocytic clearance capacities and trophic factor synthesis, accompanied by reduced

proinflammatory cytokine secretion.43 Alveolar macrophages (AM s) are the predominant

immune effector cells resident in both alveolar spaces and conducting airways. AM s
function to respond to inhaled antigens, but are also needed to be able to limit excessive
inflammation to preserve pulmonary function. Therefore, it is thought that they have dual
pro- and anti-inflammatory functions. Recent evidence suggests that subpopulations of
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macrophages account for this dual role. Lung interstitial macrophages (IM s) can be

distinguished from AM s by their unique capacity to inhibit DC maturation after TLR
stimulation, thus preventing sensitization to aeroallergen.44 Until recently, it was largely

unknown how the lung environment instructs AM s to suppress innate and adaptive
immunity. Their close proximity with the epithelial surface of the lung implied potential

influence for the epithelial cells on AM s; nevertheless, only anecdotal studies were
published regarding this.45 It is now clear that maintaining the hyporesponsive state of AM

s in the absence of antigen is achieved through several important lung-specific

homeostatic pathways. In baseline conditions, AM s closely adhere to epithelial cells
through αvβ6, a TGF-β-inducible integrin.46 This tethering is rapidly lost during
inflammation, permitting innate functions such as phagocytosis and secretion of

proinflammatory cytokines.46,47 Moreover, the inhibitory effect of AM  is also mediated
by binding of surfactant proteins to the inhibitory receptor signal regulatory protein-α.48

AM s express high basal levels of the regulatory CD200 receptor (CD200R).49 Ligation of

luminally expressed CD200 on the airway epithelium by CD200R on AM s has a central
role in homeostasis of the respiratory tract.49 These studies provide important insights into
how macrophage innate immune function is closely regulated in the demanding environment
of the lung.

REGULATORY CELLS
An absolute requirement of the pulmonary immune system is to maintain tolerance during
constant antigenic exposure. Experimental systems have shown that delivery of simple
proteins such as ovalbumin (OVA) promotes respiratory tolerance.50 Although intranasal
instillation of OVA generated transient immunoglobulin E (IgE) responses, rechallenge of
mice through the peritoneum resulted in significantly lower IgE responses compared with
control mice.50 Similarly, repeated intranasal exposure of mice with low-dose OVA results
in the development of antigen-specific Tregs, expressing membrane-bound TGF-β as well as
Forkhead box P3 (FoxP3), a master regulator in the development and function of Tregs.51 A
higher dose of OVA resulted in a CD4+ Treg population that suppressed allergic
inflammation through secretion of IL-10.52 These Tregs represent an important mechanism
of respiratory tolerance to inhaled allergens in both experimental animal systems and in
asthmatic patients, and has been extensively reviewed recently.53 Major populations of
Tregs studied in the context of pulmonary immune health include the naturally occurring
thymus-derived CD4+ FoxP3+ Tregs and peripherally antigen-induced adaptive CD4+ Treg
cells, which may be either FoxP3 positive or negative.54

The importance of Treg populations in modulating allergic responses has been determined
using murine models of allergic airway disease. Adoptive transfer of antigen-specific CD4+

CD25+ Treg cells resulted in suppression of key features of the allergic response—including
AHR, eosinophilic inflammation, and Th2 cytokine production.55 Moreover, transfer of
these cells during a chronic allergic response also downregulated established airway
inflammation and prevented the development of airway remodeling.56 Conversely, depletion
of the CD4+ CD25+ T-cell subset before allergen challenge was sufficient to enhance
severity of allergic responses in the lung.57 Although antigen specificity is not a prerequisite
of these cells,58 the ability to secrete IL-10 is, and they appear in the airways very rapidly
after allergen challenge.59 Tregs have been found within the lung parenchyma and airway
lumen as well as in the draining lymph nodes after inhaled allergen challenge (see Kearley et
al.55 and Strickland et al.59). However, experiments designed to generate populations of
CD4+ IL-10+ Tregs in vivo showed that regulation (as determined by decreased antigen-
specific T cells) occurred in the lung but not the draining lymph nodes (see Campbell et
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al.60). Appropriate localization of Tregs is important for effective function as suppressive
activity may be through cell–cell contact as well as section of suppressor cytokines. The
chemokines receptor CCR4 is essential for the recruitment of CD4+ FoxP3+ Tregs in the
lungs, and CCR4 deficiency in these cells results in severe lymphocytic infiltration of the
lungs.61 Maintaining protective Treg activity in the lung is thought to be due to continued
allergen exposure, as withdrawal of allergen results in a reduction in regulatory activity with
subsequent resurgence of Th2-type pathology.59 It is likely that the traffic of Tregs and
antigen-specific effector Th2 cells between the airway mucosa and the draining lymph node
is critical for effective regulation, but further investigation is necessary to define
mechanisms.

Investigation of regulation in the lung has focused primarily on CD4+ T-cell subsets;
however, a number of other cells have the capacity for regulatory potential—generally
through the expression of antiinflammatory receptors such as CTLA-4 (cytotoxic T-
lymphocyte antigen 4) or PD1 (programmed death 1), or secretion of suppressive cytokines.
These include novel Th1,62 CD8+ T cells,63 natural killer (NK) cells,64 B cells,65 mast
cells,66 and several antigen presenting cell (APC) populations.67 One of the most unique
lung resident cells implicated in maintaining airway tolerance are the γδT cells, a distinct
intraepithelial T-cell lymphocyte lineage enriched within the respiratory epithelium.68 The
primary immunoregulatory capacity of γδT cells is maintenance of normal airway tone, and
is shown in studies of with γδT cell-deficient mice that are naturally hyperresponsive upon
airway challenge.69 Although the effect is independent of the Th2 response, the mechanism
remains undefined.69 Paradoxically, γδT cells have also been reported to promote allergic
responses in the airways.70

Such conflicting observations raise the question of how γδT cells identify antigens.
Although there are some reports of bonafide γδTCR ligands, stimulation independent of the
TCR has also been reported.71–73 Indeed, mismatch antigen studies have shown that the
regulatory role of airway γδT cells is antigen dependent but not antigen specific.74

Moreover, γδT cells express PRR and thus have the potential to respond to pathogen-
associated molecular pattern contaminants contained within allergen preparations or through
damage-associated molecular pattern molecules from the airway epithelium in the allergic
microenvironment.73,75

Residency of γδT cells at epithelial borders presents an interface with both the host tissue
and environment.76 γδT Cells may therefore set the threshold of activation required to
render the airway epithelium “pro-asthmatic,” granting permission or “instructing”
epithelial-derived mediators that signal DC activation. This location also fosters interaction

with accessory cells such as M and DCs, providing a means to amplify and elicit a broad
spectrum of γδT cell functions.77 Interactions between γδT cells and DCs has a
bidirectional functional influence on each cell, promoting antigen presentation and shaping
the subsequent effector responses.78 Interestingly, interactions between γδT cells and other
resident leukocytes have an essential role in lung homeostasis.79 Improved understanding of
pulmonary γδT cells and the complexities underlying their relationship with the epithelium
and interplay with resident leukocytes holds potential to understand susceptibility to allergic
disease in humans.

Regulatory γδT cell responses that affect T effector immunity coexist with other, more
potent, tolerance mechanisms and hence their primary purpose might be to subvert some of
the damaging effects of inflammation rather than the response itself. Indeed, protection of
host tissue against the damaging side effects of the established inflammatory response has
been reported to be a property of airway γδT cells,80 leading to the concept that γδT cells
possess a dual functionality that is instructed by the environmental context, i.e., homeostasis
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vs. that of an allergic lung after allergen provocation. The importance of γδT cell plasticity
is supported by the large body of literature showing both the beneficial and deleterious
effects of γδT cells during infectious inflammation and adequate tissue repair.81–83

NK T (NKT) cells constitute a unique and evolutionarily conserved population of T cells
that express both a TCR and NK receptors.84 The evolutionarily conserved invariant NKT
cell subset recognizes glycolipid antigens such as α-galactosylceramide presented by the
major histocompatibility complex class I-related glycoprotein CD1d.84 NKT cells are
considered versatile immunomodulators as they possess the ability to rapidly produce large
amounts of Th1 and Th2 cytokines in response to TCR engagement.85 There is currently
debate over whether NKT cells have effector or suppressor function in the allergic airway.
Self-glycolipid antigens that are normally concealed in the respiratory tract may be exposed
or expressed when allergens enter the lungs, in which they are recognized by NKT cells,
causing activation. Indeed, NKT cells are present in the lungs of asthmatic individuals and
produce high levels of IL-4 and IL-13, which is thought to potentiate the Th2 response that
drive the development of asthma.86 Interestingly, the secondary immune response to α-
galactosylceramide when compared with the primary is blunted, inducing a state of long-
term anergy and impairing their ability to transactivate other cells.87 Invariant NKT cells
appear to be a double-edged sword, which enhance or suppress disease course depending on
the immune condition of host, but this requires further clarification, particularly in asthmatic
patients.88

BREAKDOWN IN TOLERANCE LEADS TO ALLERGIC INFLAMMATION
Imbalance in pulmonary homeostatic control mechanisms can lead to chronic inflammatory
disease. A loss of tolerance to innocuous inhaled particles may result in development of
allergic inflammation, culminating in asthma. Asthma is a heterogeneous chronic
inflammatory disease of the airways associated with AHR as well as structural changes to
the lung termed airway remodeling. Approximately 30 million people in Europe have
asthma, with the total cost of asthma in Europe being approximately € 17.7 billion per year,
and productivity lost to poor asthma control is estimated at € 9.8 billion per annum
(European Respiratory Society, White Book, 2003).

A combination of genetic and environmental factors is thought to influence the decision of
whether inflammation resolves or progresses. Considering the position of the pulmonary
epithelium as the barrier between the external environment and the internal tissues,
functioning of this mucosal surface is likely to be influenced by a range of environmental
factors that will affect both barrier and immune functions. Components of the inhaled
environment are able to active PRRs on the epithelial surface, such as dust and particulate
matter, as well as respiratory viral infections.28 Respiratory viral infections, particularly
respiratory syncytial virus and rhinovirus, are common infections but have been shown to be
risk factors for development of asthma, particularly after serial infections in infants.89–91

Although both infections are relatively mild, they are associated with development of
allergic symptoms and exacerbations in chronic asthmatics. Both viruses infect the
respiratory epithelium that elicits an antiviral response, including the production of
inflammatory cytokines such as type I and II interferons.92,93

Epidemiological studies suggest that exposure to environmental pollutants (such as cigarette
smoke and car exhaust) is a risk factor for development of allergic disease, particularly in
babies and young children.94–96 Diesel exhaust particles have an adjuvant effect for allergen
challenge in animals and human subjects.97–100 Short-term, low-level exposure to diesel
exhaust particles promoted acute airway inflammation and AHR in allergic mice.101
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It is thought that these environmental “triggers” initiate a series of reactions starting with the
epithelium.102 The epithelium signals to the immune system through danger signals, such as
chemokines, cathelicidins, and defensins, and cytokines, such as thymic stromal
lymphopoietin, IL-33, and IL-25. In addition, communication with cells of the underlying
mesenchyme is thought to occur through cytokines such as TGF-β, resulting in
morphological changes to lung structural cells, particularly the airway smooth muscle cells.

Although the molecular mechanisms underlying epithelium–immune interactions are not
well understood, it is increasingly recognized that the underlying pulmonary commensal
landscape is likely to affect immune homeostasis and, therefore the development and
chronicity of allergic responses. Although this has yet to be investigated comprehensively,
there is some evidence to implicate microbiota in asthma etiology.103 Asymptomatic
neonates whose throats are colonized with Streptococcus pneumoniae, Haemophilus
influenzae, or Moraxella catarrhalis are at increased risk for recurrent wheeze and asthma
early in life.104 These same bacteria have consistently been associated with exacerbations of
both asthma and chronic obstructive pulmonary disease.105,106 The response of asthmatics
to antibiotics also suggests the importance of acute and chronic bacterial infections in the
pathogenesis of disease.107 Epidemiological research has consistently indicated that a rich
microbial environment in early life confers protection against the development of asthma,108

suggesting the need to understand the extent and nature of normal airway flora.

Asthma frequently occurs during childhood, and studies have shown that most school-age
atopic asthmatics develop symptoms and show reduced lung function during infancy.
Importantly, these children are born with normal lung function, which declines significantly
by 3 years, and is maximally reduced by age 6, persisting through adolescence into
adulthood.109,110 Biopsies from asthmatic children show evidence of inflammation and
structural abnormalities.111 Although not every child with wheeze will develop asthma,
recurrent wheeze during the first 3 years of life is considered a major risk factor, particularly
if there is a parental history of asthma. This early development of allergic symptoms occurs
while the immune system and the lungs are still developing. Indeed, a recent study in vitro
determined that there were intrinsic biochemical and functional differences in cells obtained
from children with asthma compared with those from healthy controls.112 Epithelial cells
from asthmatic children showed a less mature phenotype, with augmented release of anti-
inflammatory mediators concomitant with reduced levels of TGF-β1. These results support
the argument that epithelial cells in the asthmatic lung are fundamentally abnormal, even in
the absence of overt inflammation.

MANIPULATION OF IMMUNE TOLERANCE FOR CLINICAL BENEFIT
Manipulation of mucosal tolerance has long been recognized as a promising approach to
prevent or treat allergic responses. Antigen-specific immunotherapy (IT) involves
incremental delivery of the allergen to which an individual is sensitive, to effectively
suppress the clinical symptoms of allergy. The therapy, normally delivered through either
the subcutaneous or sublingual (SL) route, is effective in inducing long-term remission upon
allergen re-exposure,113 reducing new sensitizations,114 and preventing progression to
asthma.115,116 Introduced over one century ago,117 IT is the only current treatment that can
offer protection against allergen-induced complaints even for long periods after treatment is
finished.118,119 Despite the validated effectiveness of IT from abundant clinical experience,
IT has not become a mainstay treatment for allergy. Moreover, although IT is beneficial for
treatment of rhinitis118 and insect venom allergy,120 it is less effective in allergic asthma and
in individuals with multiple sensitivities, and seldom results in complete alleviation of all
symptoms.121
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The beneficial effects of specific IT is presumed to be mediated through regulation of
allergic inflammation because of the generation of tolerance (Figure 2). Reported
immunological mechanisms of effective IT include downregulation of Th2 response122 and
immune deviation,123 blocking antibody production.124–126 However, generation of Tregs is
considered to be largely responsible for clinically successful IT, driving these
immunological mechanisms such as production of IgG4.127,128 Recent efforts to understand
the underlying immunological mechanisms offer fresh hope to improve IT as an effective
treatment for perennial asthma. In particular, the application of improved recent
understanding of immune tolerance, particularly with regard to Tregs, has been the focus of
several recent studies.129 Indeed, increased proportions of regulatory CD4+ CD25+ T cells
were found in grass pollen allergics after IT.130 Upon stimulation ex vivo, increased IL-10
production was observed, highlighting a mechanism by which Tregs might exert an effect to
suppress Th2 cells. Moreover, although IL-10+ T cells and TGF-β+ T cells are not a feature
of the normal nasal mucosa, local elevations in these Treg populations were observed in IT-
treated seasonal hay fever patients.131 Interestingly, these increases were not detectable
outside of the pollen season, suggesting that local mucosal contact with allergen is necessary
for the observed clinical effect.131 In the same set of biopsies, IL-10 and TGF-β were also

found colocalized with M s, B cells, and DCs, implying that alternative sources for these
cytokines may exist. Clinical efficacy of IT is associated with a blunting of allergen-specific
IgE responses. Jutel et al.129 illustrated a role for both IL-10 and TGF-β in the Treg response
to the perennial allergen HDM after IT. Tregs producing IL-10 and / or TGF-β have the
potential to suppress local allergen-specific T cells and redirect antibody class switching in
favor of IgG4 (an IL-10 isotype switch factor)132 or IgA (TGF-β isotype switch factor).133

More recently, TGF-β was shown to be a key early mediator of allergen-specific
immunosuppression observed after clinically effective HDM IT.134 IgA is a crucial
component of mucosal barrier and it has been shown that IgA production is associated with
oral tolerance.135 Moreover, transient IgA deficiency has been proposed as a risk factor for
IgE sensitization in early life.136 Interestingly, mucosal induction of protective allergen-
specific IgA antibodies after successful IT has recently been shown,137 providing evidence
of additional regulatory changes locally within the oral mucosa. This increase in local IgA
correlates with enhanced TGF-β expression within the nasal mucosa,138 likely from either
APCs or Tregs; thus, IgA represents an important component of protolerogenic state induced
by IT.137

Animal models of allergic airway disease have been used to investigate the immune
mechanisms underlying IT. These studies are important to address safety concerns regarding
widespread clinical use of IT and provide a means for developing novel strategies to
potentiate IT regimens. Van Oosterhout et al.139 successfully developed a mouse model of
allergic airway disease, in which an IT schedule, adopted from standard clinical IT
regimens, suppressed allergen-induced airway inflammation and AHR. Immunologically,
this gave a long-term suppressive effect that resulted from reduced allergen-specific IgE and
Th2 activity,140 similar to results that have been observed in human studies.118 Interestingly,
induction of IL-10+ Tregs, rather than immune deviation to a Th1 response, were pivotal to
the success of specific IT in this model. The major drawback of such in vivo models is the
dependence on priming through the peritoneum with a Th2-deviating adjuvant and use of
OVA as a surrogate allergen. Exposure to antigen leads to its uptake, processing, and
presentation by APCs that drive the Treg response.141 DC induction of Tregs can occur
through several mechanisms, including the production of IL-10 or TGF-β.142,143 A natural
mechanism that creates local T-cell tolerance in DCs is through expression of the cytosolic
tryptophan converting enzyme, indoleamine 2,3-dioxygenase.144,145 After crosslinking of
FcεR1, indoleamine 2,3-dioxygenase is expressed in DCs and regulates immune responses,
both directly through depletion of tryptophan and immune modulation by tryptophan
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metabolites that promote tolerance.146 Inhibition of indoleamine 2,3-dioxygenase during IT
partially abrogated the suppressive effect,147 illustrating that tryptophan metabolites have a
partial role in mediating immune tolerance in vivo, augmenting the suppressive effects of IT
during administration of allergen-specific IT but not during post-IT allergen challenge.147 In
contrast, administration of tryptophan during IT did not inhibit IT efficacy, indicating that it
is the formation of metabolites rather than the actual depletion of tryptophan that is

important. Antigen-loaded IL-10+ M s have also been identified to have a crucial role in
the amelioration of allergic inflammation and disease observed during IT.148 In a subsequent

study by the same researchers, intravenous administration of allergen-loaded M s led to a
migration of these cells to the spleen and induction of a local, allergen-specific memory
lymphocyte response, suggesting the induction of allergen-suppressive Tregs.149 These

observations suggests that resident M s are not involved in the induction of specific antigen
tolerance, highlighting the administration of allergen-loaded macrophages as a potential
therapy to induce indirect suppression of allergen-specific disease.

IT has traditionally been administered through the subcutaneous route that permits both
antigen-specific and long-lasting efficacy.118 However, widespread use of subcutaneous IT
has been confounded by safety concerns regarding IgE-mediated side effects such as
anaphylaxis.150 This imposes a rate-limiting effect and current research efforts have focused
on alternatives strategies to improve the safety and efficacy. One such focus is the use of
adjuvants and carriers to enhance the tolerogenic properties of DCs. In vitro cultures of
human and murine cells have shown that delivery of IT sublingually in combination with
vitamin D3 and dexamethasone enhanced suppression of AHR with an accompanying
peripheral CD4+ CD25+ FoxP3+ Treg expansion to a significantly greater extent than
allergen alone.151 Similarly, the potentiating effect of vitamin D on IT efficacy was also
observed using an in vivo system in which improvements to experimentally induced allergic
disease parameters were accompanied by elevated local IL-10 response and serum TGF-β,
suggesting the induction of both Tr1 and Th3 regulatory populations.152

The sublingual route of IT (SLIT) is an attractive alternative method of administration. SLIT
is used widely across Europe and is considered a safe and efficient treatment for respiratory
allergies in both adults and children.153,154 Furthermore, SLIT negates the requirement for
specialist administration and inconvenience of repeated clinic attendance, thereby improving
patient compliance.155 A recent study in patients with seasonal rhinitis confirmed a
sustained clinical benefit of grass-pollen SLIT during 2 years of continuous treatment.156

Although meta-analyses support the clinical efficacy associated with SLIT,157 few clinical
studies have included immunological analyses and a strong placebo effect has been
reported.158 A recent randomized, double-blind placebo controlled trial of HDM SLIT
showed induction of Tregs, IL-10, and TGF-β with concurrent suppression of allergen-
specific T-cell proliferation.134 Although indicative of clinical efficacy, questions regarding
optimal dose, efficacy, and safety remain. Improved understanding of the underlying
mechanisms is therefore critical to better target allergen to the appropriate immune cells.

The local environment within the mouth is considered to have a degree of immune privilege,
defaulting to induction of immunological tolerance while retaining the ability to mount
effector responses.159 As such, there has been considerable interest in identifying lingual
resident APCs and T cells to exploit this route for improved induction of allergen-specific
tolerance. The lingual mucosa has a network of Langerhan-like cells with a relative paucity
of effector cells compared with other mucosal sites. A recent in vivo study undertook an
illuminating characterization of the lingual APC profile, identifying colocalization of
CD11b+ myeloid cells with both effector and Tregs.160 However, a contribution from
epithelial cells and monocytes to the natural tolerogenic capacity, as shown at other
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sites,131,161 cannot be discounted. It is now important to functionally delineate the complex
interactions between these cells to identify mechanisms that promote induction of tolerance
over inflammation during the course of SLIT.

Another novel IT approach includes the development of peptide IT using CD+ T-cell
epitopes to ameliorate antigen-specific inflammatory responses. Peptide IT has been the
focus of intense clinical evaluation.162 One clinical study has shown induction of functional
allergen-specific Tregs after peptide therapy.163 To reduce adverse reactions mediated by
IgE crosslinking of mast cells, allergen-derived T-cell epitopes from the major cat allergen
Fel d 1 were used. Intradermal delivery of these peptides to cat allergic patients resulted in
bronchial hyporesponsiveness on rechallenge with allergen. Abrogation of symptoms in
these patients was associated with a downregulation of Th2 responses to whole allergen and
induction of allergen-specific T-regulatory pathways associated with increased IL-10.164 A
mouse model designed to specifically mimic the human IT regimen determined that the
peptide IT protocol resulted in the generation of CD4+ IL-10+ Tregs, and that tolerance to
subsequent rechallenge with allergen was dependent upon IL-10.60 Interestingly, these cells
were only found in the lung and not in the draining lymph nodes, suggesting that these
interactions take place primarily within the lungs. Further investigation of the mechanisms
underlying tolerance after IT will likely improve the safety and efficacy of treatment and
therefore would increase the suitability of IT for severe asthmatics.

CONCLUSIONS
Maintenance of immune homeostasis within the lung is mediated by complex interactions
between the pulmonary immune system and lung stromal cells, primarily the lung
epithelium. Preserving homeostasis involves discrimination between harmless inhaled
particles and pathogens, but is vital as even a moderate degree of inflammation will
compromise function. Breakdown in tolerance to innocuous aeroallergens occurs in
susceptible individuals and results in asthma. Although it is recognized that development of
asthma is dependent upon a variety of factors, including the genetic makeup of an individual
as well as the environment in which we live, increasingly the importance of early life events,
nutrition, and infection history all affect disease development. A further understanding of
these factors will lead to improved therapies, particularly the ability to manipulate
development of tolerance for patient benefit.
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Figure 1.
Regulatory pathways in the lung maintain tolerance in the face of environmental exposure.
Tolerance is maintained by a contribution from airway structural cells and their interaction
with the complex network of immune cells and molecules. Loss of tolerance and
development of inflammation is influenced by multiple factors including age, gender,
obesity, infection history, atopic status, allergen exposure, nutrition (Vitamin D, A, E
levels), which will affect the initiation and development of the allergic response.
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Figure 2.
Immunological mechanisms of allergen-specific immunotherapy. Immunotherapy improves
the clinical parameters of allergy via effects on a variety of immune cells. Skewing from a
Th2 response, decreasing the humoral IgE response, increasing immune regulatory cells and
mediators, and class-switching to blocking antibodies reduce the number and activation of
mast cells and eosinophils to the site of allergen exposure.

Lloyd and Murdoch Page 21

Mucosal Immunol. Author manuscript; available in PMC 2012 June 25.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts


