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Mast cells in human airways: the culprit?
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ABSTRACT By virtue of their undisputed role in allergy, the study of airway mast cells has focused on
nasal and bronchial mast cells and their involvement in allergic rhinitis and asthma. However, recent
mechanistic and human studies suggest that peripheral mast cells also have an important role in asthma, as
well as chronic obstructive pulmonary disease, respiratory infections and lung fibrosis. Pathogenic roles
include immune-modulatory, pro-inflammatory and pro-fibrotic activities. Importantly, mast cells also
actively downregulate inflammation and participate in the defence against respiratory infections. Another
complicating factor is the notorious mast cell heterogeneity, where each anatomical compartment of the
lung harbours site-specific mast cell populations.

Alveolar mast cells stand out as they lack the cardinal expression of the high affinity IgE receptor.
Supporting the emerging concept of alveolar inflammation in asthma, alveolar mast cells shift to a highly
FceRI-expressing phenotype in uncontrolled asthma. Site-specific and disease-associated mast cell changes
have also recently been described in most other inflammatory conditions of the lung. Thus, in the
exploration of new anti-mast cell treatment strategies the search has widened to include the lung periphery
and the delicate task of identifying which of the countless potential roles are the critical disease modifying
ones in a given clinical situation.

@ERSpublications
Mast cells have recently been assigned new roles in all inflammatory conditions and anatomic
regions of the lung http://ow.ly/zoPnf

Introduction

The mast cell, which was first described in 1878 by Paul Ehrlich, is a long-lived, multifunctional immune
cell characterised by large mediator-laden granules. They are resident in most tissues of the body, with a
particularly high density in tissues facing an external milieu, e.g. the airways. This strategic position and the
large quantities of pre-formed granule mediators allow mast cells to respond rapidly to external triggers and
kick-start an inflammatory response [1, 2]. To avoid this response getting out of control, mast cells also
have the molecular machinery to actively inhibit inflammatory responses [3].

Although mast cells were discovered more than a century ago, apart from their well-established role in IgE-
induced degranulation [4, 5], many of their functions remain enigmatic. Nonetheless, it is clear that with
their multi-potent capacity mast cells have many important roles in respiratory diseases that go far beyond
initiating allergic responses. Indeed, more recent research has implicated mast cell functions in the
immunopathology of chronic obstructive pulmonary disease (COPD) [6, 7], fibrotic lung diseases [8—11]
and respiratory infections [12, 13]. A major challenge of today’s mast cell research is how to separate the
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protective and beneficial roles from those that are harmful, an exercise that is challenging but instrumental
for the design of effective and novel anti-mast cell treatment strategies.

Established and emerging roles for mast cells in respiratory disorders

A key physiological role of mast cells is to rapidly recognise pathogens and mount an appropriate immune
response. The most established and well-studied involvement of mast cells is their accidental activation in
allergy where cross-linking of surface-bound IgE leads to rapid degranulation, mediator release (e.g.
histamine) and manifestation of an acute phase allergic reaction [1, 14]. Apart from the acute airway
constriction, one hugely important tissue reaction is plasma extravasation [15, 16]. Within seconds, released
histamine and serotonin evoke endothelial gap formation in post-capillary venules and extravasation of
bulk plasma into the airway wall and lumen, resulting in airway oedema and increased luminal plug
formation [15]. Another important, but often neglected, aspect of plasma extravasation is its profound
immunological effect. During the immediate extravasation the extracellular matrix and extracellular
epithelial spaces will be soaked with plasma proteins that have potent immunological and cytokine-
modulating properties, which will greatly facilitate the subsequent leukocyte recruitment and development
of a cellular inflammation [15, 16].

The immediate mast cell degranulation is followed by a fast (20-40 min) de novo production of potent
leukotrienes and prostaglandins that further aggravate the response. Apart from the classical anaphylactic
mediators and proteases, mast cell degranulation also liberates a large number of pre-stored or de novo
synthetised cytokines (e.g. tumour necrosis factor (TNF)-a, interleukin (IL)-4, IL-6, IL-13 and IL-17) [2, 14].
These cytokines can contribute to both the initiation of the subsequent late phase reaction as well as
maintaining chronic inflammation [17-19]. Another mechanism contributing to chronicity is an
amplification loop where elevated levels of IgE in sensitised patients increase the FceRI expression and
survival of mast cells. This boosts the mast cell capacity of the IgE-mediated release of mediators, which
promote further expanded IgE production by stimulating FceRI-expressing dendritic cells and their activation
of cognate T- and B-cells [14].

IgE-mediated mast cell degranulation is such an established hallmark of allergic respiratory conditions that
it has overshadowed many of the other mast cell activities taking place in inflammatory airway diseases.
Nonetheless, mast cells are active players in a broad range of other basic immunological mechanisms,
ranging from leukocyte recruitment and general immune orchestration to tissue repair and remodelling
(these aspects have been reviewed previously [12, 18, 20]). Mast cells also have an important task as
sentinels of infection. To sense invading microbes mast cells express a variety of receptors for pathogen-
associated molecular patterns such as Toll-like receptors (1 to 9), Nod-like receptors and Rig-I family
receptors [21]. Activation of these stimulates the release of IL-1f, TNF, IL-6, interferons, CCL2 and CCL5
[12, 22-24]. The role of mast cells in the defence against microbes is not only relevant for infectious
diseases; important host defence roles for mast cells may also occur in chronically colonised cystic fibrosis
(CF) patients, as well as in asthma and COPD where respiratory infections are a major cause of disease
exacerbation [25-27].

Apart from their pro-inflammatory actions, mast cells have an impressive capacity to downregulate
immunological responses; for example by releasing the anti-inflammatory cytokine IL-10 [28]. Another
anti-inflammatory action is through the capacity of mast cell granule proteases to degrade and neutralise
key cytokines, such as TNF-o, IL-4, IL-13 and IL-33 [29, 30]. Thus, mast cells act as ever-present local
immune modulators with the capacity to coordinate the delicate balance between pro- and anti-
inflammatory responses. A good example of this double nature of mast cells is their involvement in creating
a T-helper (Th)2 response (fig. 1). The production of Th2 cytokines (IL-4, IL-5 and IL-13) may not only be
implemented by Th2 lymphocytes, but also by the newly discovered type 2 innate lymphoid cells (ILC2), as
well from mast cells themselves. Mast cells may further boost the response by releasing Th2 lymphocyte-
and ILC2-stimulating factors [31]. Importantly, mast cells also have efficient machinery to dampen the
response via active degradation or steric neutralisation of Th2 cytokines (fig. 1). Considering the multitude
of reported mast cell functions and the fact that mast cells are constantly present at the site of any
inflammation, it is likely that conceptually similar “yin and yang” functions of mast cells take place in most
other types of immune responses. A better understanding of the kinetics of this balance and relative weight
of the pro- and anti-inflammatory actions of mast cells is critical in order to define when and how mast cells
can be targeted pharmacologically.

Mast cell heterogeneity and anatomical site-specific subtypes

A key secret to how mast cells can handle their vast array of different functions is the existence of
“specialised” mast cell subtypes. Indeed, it has long been recognised that although all tissue mast cells share
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FIGURE 1 Using a T-helper (Th)2 response as an example this schematic diagram exemplifies a general principle of mast cells, namely to control immunological
reactions by both promoting and actively dampening the response. Th2 cytokines such as interleukin (IL)-4, IL-5 and IL-13 are classically produced by activated
CD4" Th2 cells. Alternatively, Th2 cytokines can also be produced by the newly discovered type 2 innate lymphoid cells (ILC2), whose activation is triggered by
IL-25 and IL-33 released from structural cells. Mast cells, which are also activated by IL-33, produce prostaglandin (PG)D2 and leukotriene D4 that act as potent
ILC2 activators. Importantly, mast cells can also directly produce Th2 cytokines. To control the response mast cells have molecular machinery to actively
downregulate the situation (orange arrows). Among the mechanisms for this are proteolytic degradation of IL-33 and Th2 cytokines, as well as cytokine binding/
neutralisation by heparin fragments and extravasated cytokine-binding proteins. APC: antigen presenting cell; MHC: major histocompatibility complex; TCR:
T-cell receptor; CRTH2: chemoattractant receptor-homologous molecule expressed on Th2 cells; ST2: suppression of tumorigenicity-2.
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many characteristics, they do not represent a homogenous population. This heterogeneity, which involves
differences in morphology, mediator content and response to external stimuli, constitutes a major challenge
for understanding the role of mast cells in health and disease.

The first robust classification of mast cells into subtypes was originally made in rodents [32, 33]. Based on
distinct staining characteristics and anatomical location, rodent mast cells could be divided into connective
tissue mast cells and mucosal mast cells. It was soon discovered that these populations differed, not only in
their tissue distribution, but also in morphology, granule content and function [33, 34]. The mast cell
heterogeneity in humans is at least as multifaceted. One major type is referred to as MCTC since they
express both tryptase and chymase (corresponds to the connective tissue mast cell population in rodents).
The other main subpopulation lacks chymase but contains tryptase and is consequently known as MCT,
(corresponding to rodent mucosal mast cells) [1, 35].

It has now become increasingly clear that mast cell heterogeneity in humans goes beyond the division into
MCT and MCTC subpopulations. The respiratory system may serve as an illustration of this as different
anatomical regions and microenvironments of the lung create an expanded “site-specific” heterogeneity
(figs 2 and 3) [41]. In support of this, direct comparisons between human lung mast cells in multiple
anatomical lung compartments have suggested that each of the MCT and MCTC populations can be further
differentiated based on their size, shape and molecular expression profiles [41, 42]. One intriguing
observation was that the alveolar mast cells, in contrast to mast cells in the rest of the body, lacked FceRI
expression [41]. Interestingly, in contrast to the intensively studied rodents, the alveolar parenchyma in the
human lung is richly populated by mast cells [41, 43, 44]. Thus, alveolar mast cells in humans represent a
large but poorly recognised mast cell population in the lung. The physiological function of alveolar mast
cells is still a mystery. For example, none of the classical mast cell effector functions executed in allergy and
asthma take place in the alveolar compartment; there are no smooth muscles to contract, no glands to
stimulate, and induction of an alveolar plasma extravasation would be fatal. Hence, a definition of the
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FIGURE 2 Apart from their well-established presence in the conducting airways, mast cells in the human respiratory
system are also abundant in other key compartments such as the alveolar parenchyma or, as illustrated here, respiratory
lymphoid tissue. Immunohistochemical staining of lymphoid mast cells (blue stained tryptase) can be seen together with
abundant structural cells containing the potent mast cell activator interleukin-33 (brown stain). HEV: high endothelial
venule. Scale bar=20 pum. Image courtesy of J.S. Erjefilt and P. Siddhuraj (Unit of Airway Inflammation, Lund
University, Lund, Sweden).

biological and pathological role of alveolar mast cells, which actually represent the largest mast cell
population in the human lung, seems warranted. Among the candidate functions are homeostatic
regulation of the pulmonary vasculature, alveolar defence or distal orchestration of the immune response in
the lung. Alveolar mast cells may also play a role in asthma.

Alveolar mast cells: a new player in inflammatory airway diseases

Asthma is traditionally regarded, and pharmacologically treated, as a disease of the central airways. Today, it
is clear that asthma is a heterogeneous disease that can be divided into inflammatory phenotypes [45-49].
Another less recognised dimension of asthma heterogeneity relates to the anatomical distribution of the
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FIGURE 3 Schematic image of mast cell heterogeneity in a healthy human lung. The unique molecular environments in the different anatomical compartments
foster distinct and “site-specific” MCT (tryptase-positive, chymase-negative; red dots) and MCTC (tryptase-positive, chymase-positive; green dots) populations.
This site specificity is manifested, not only by distinct proportions of MCT and MCTC cells, but also by distinct molecular expression profiles. Alveolar mast cells
represent a large but, at present, poorly studied mast cell pool that is unique as it lacks FceRI-expression and seems to have important roles in both asthma and
non-inflammatory diseases. Importantly, several studies have described site-specific mast cell changes in the bronchial smooth muscle [36], epithelium [37] and
alveolar parenchyma [38, 39] in asthma, chronic obstructive pulmonary disease [6, 7] and fibrotic lung disease [9, 40]. Test tubes denote the remaining but
important challenge to develop protocols for in vitro generation of mast cells that mimic defined site-specific MCT or MCTC populations.
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disease. Thus, in some patients the disease may be restricted to the central airways whereas in others there is
distal lung involvement. Indeed, accumulated evidence from physiological and histological studies provides
clear indications that inflammatory processes in asthma are also present in the most distal part of the lung
[50-53]. However, the nature of this inflammation is, to a large extent, unknown. The few studies carried
out to date point towards an increased alveolar infiltration of leukocytes and activation of parenchymal
fibroblasts [54].

Interestingly, recent studies have also revealed dramatic alteration of alveolar mast cells in allergic asthma.
In a unique study exploring bronchial and transbronchial biopsies in healthy controls and patients with
atopic inhaled corticosteroid-treated uncontrolled asthma, it was recently shown in asthmatic lungs that the
alveolar MCT and MCTC populations, which normally have low FceRI expression, expand and acquire an
FceRI-expressing phenotype [38]. This phenomenon was paralleled by an equally robust upregulation of
surface-bound IgE indicating that in allergic asthma, mast cells shift to a more allergen-responsive
phenotype (importantly, this phenotype shift seems to be significantly lower in clinically controlled
patients). A separate study showed that this phenomenon was also present in patients with mild inhaled
corticosteroid-treated asthma, but not in patients with allergic rhinitis with no concomitant asthma [39].
Importantly, emergence of highly FceRI-expressing mast cells could not be seen in COPD, smoking
controls, idiopathic pulmonary fibrosis (IPF) or CF (data not shown).

Altogether, from these findings it can be shown that a robust upregulation of FceRI-expression (and
surface-bound IgE) on alveolar mast cells is a novel disease-specific feature of atopic asthma. Recent further
studies have revealed that the alveolar mast cell changes in allergic asthma are associated with a Th2-skewed
alveolar cell profile, which correlates significantly with the degree of clinical control [55]. A potential link
between distal inflammation and poor asthma control has important practical consequences. One example
concerns medical treatment since current inhalation therapy does not target the alveolar region effectively.
Some data indicate that improved control may be gained by more distal drug distribution [56]. Hence,
it seems important to obtain further insight into the clinical benefit of pharmacological treatment of the
distal lung in uncontrolled asthma and how this may affect key cells like alveolar mast cells and distal lymphocytes.

Alveolar mast cells are also likely to have important roles in several nonallergic disorders. In support of this,
both MCT and MCTC populations are altered in COPD lungs where they upregulate markers of activation
[6]. Similar to asthma, the “umbrella diagnosis” of COPD can be sub-divided into clinical and
inflammatory disease phenotypes [57]. It is likely that the relative role of mast cells differs between these
subtypes. As an indication of this, COPD patients that have centriacinar emphysema display a mast cell
distribution pattern that differs from those with panlobular emphysema [7].

A mast cell link has also been suggested for fibrotic lung disorders, with several studies reporting increased
numbers of mast cells [8—10, 40, 58]. The rational for mast cell involvement in IPF is strengthened by their
capacity to produce a variety of pro-fibrotic factors and chemokines, which activate fibroblasts to increase
extracellular matrix deposition. In support of this, the fibrotic lesions in IPF and CF have a very high
content of infiltrating transforming growth factor-p-expressing MCTC mast cells [9].

Future challenges in the search for improved in vitro mast cell models

The broad heterogeneity of mast cells in humans inevitably raises questions regarding to what extent
commonly used mast cell lines mimic the diversity present among mast cells in vivo. Common protocols for
generating mast cell lines or purified mast cells have proven very useful, as reflected by their use in the
pioneering work on molecular regulation and signalling in mast cells [59, 60]. However, the situation gets
more complicated when using in vitro mast cell experiments to study disease or organ-specific mast cell
mechanisms. The magnitude of the in vivo heterogeneity suggests that it will be difficult, if not impossible,
to produce a “one type fits all” in vitro phenotype. Instead, an attractive opportunity and a major challenge
in the field would be to develop a panel of well-defined protocols producing distinct mast cell phenotypes
with a defined resemblance to corresponding in vivo counterparts (fig. 2). The rapid development in multi
cell-culture techniques and explant systems will likely aid development in this field.

Emerging opportunities for decoding mast cell changes in humans

The creation of more defined in vitro mast cell systems and the new generation of sophisticated mouse
models for mast cell research will undoubtedly generate a new wave of exciting information [2]. In order to
exploit this development it is crucial that the cell culture and animal research is matched by a focused
exploration of what mast cells are actually doing in patients, either systemically or, perhaps more critically,
inside the many compartments of the diseased tissue. Unfortunately, contrasting with the experimental
animal situation, the current toolbox for assessing mast cells in humans is limited (table 1). In fact, apart
from acute IgE-mediated degranulation, almost nothing is known regarding when and where in diseased
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patient tissues mast cells actually perform the myriad of the potentially disease-modifying functions
postulated from animal models and experimental in vitro systems. One attractive approach to address this
issue is through new improved technologies for advanced histological assessment of complex cell patterns.
Until now histological studies have, for technical reasons, not included information on how alterations of
tissue mast cells relate to the complexity of the complete immunological and histopathological profile, e.g.
how they relate to tissue damage (and remodelling) and local infiltration patterns of the many other
immune cells present in inflamed tissues. Exciting new possibilities will be offered by new “histomic” methods
that can simultaneously visualise and quantify mast cells together with all major immune cell populations.

Experience from human interventional studies

As for all immune cells, the ultimate and direct proof of mast cell involvement in inflammatory airway
diseases will come from clinical trials. The pharmaceutical industry has produced an impressive list of
compounds for pharmacological targeting of mast cells or mast cell products (naturally most of them where
developed for allergic disease) [46, 61, 62]. Whereas most of these are not specific to mast cells, some
important conclusions can be drawn from interventional patient studies. The first “anti-mast cell” drugs to

TABLE 1 Common markers for identifying and assessing human mast cells

Marker Other name

Immunohistochemical identification

of tissue mast cells

Tryptase a/Bl tryptase
BII/BII tryptase
Chymase CMA1
CPA3 Carboxypeptidase A3 (CPA3),
MC-CPA3
CD117 Mast/stem cell growth factor
receptor (SCFR), c-KIT
FceRlI High-affinity IgE receptor (FceRlI)

Identification of tissue mast cells
by flow cytometry

CD117 Mast/stem cell growth factor
receptor (SCFR), c-KIT
FceRI High-affinity IgE receptor (FceRlI)

Systemic markers of mast cell

activation
Histamine 2-(1H-imidazol-4-yl] ethanamine
Tryptase o/Bl tryptase
BII/BII tryptase
CPA3 Carboxypeptidase A3 (CPA3),
MC-CPA3
PGD2 Prostaglandin D2

Specific pan-mast cell marker
Double IHC staining with chymase can be used to distinguish
MCT and MCTC mast cells
Specific MCTC marker
Double IHC staining with tryptase can be used to distinguish
MCT and MCTC mast cells
Mast cell specific
Primarily expressed in MCTC cells but CPA3 has also been
identified in chymase-low mast cells
A key, albeit nonspecific, marker for mast cells; also
expressed on basophils and haematopoietic stem cells
Important but nonspecific marker for mast cells; also
expressed on basophils and dendritic cells

Gating of CD117-high cells with characteristic side scatter

properties are commonly used to identify mast cells (apart

from confounding expression on progenitor cells, invariable
CD117 expression is also present on basophils)

FceRI positivity combined with CD117 expression and
characteristic side scatter properties requires awareness of
the low FceRI expression on human alveolar mast cells and

confounding expression on basophils and dendritic cells

Limited use in respiratory diseases due to short-lived
increase in plasma, also produced by basophils, nerves and
enterochromaffin-like cells in the gut
Mast cell specific but limited assay sensitivity limits its use
outside systemic anaphylactic reactions or mastocytosis
Mast cell specific, higher sensitivity than tryptase but CPA3 do
not reflect the activity of MCT cells
Not mast cell specific, but mast cells contribute to the vast
majority of plasma PGD2
Robust and sensitive detection of the PGD2 metabolite
9a11b-PGF2 has been measured in asthma by GC-NICIMS

IHC: immunohistochemistry; MCT:

chromatography-negative ion chemical ionisation-mass spectrometry.

tryptase-positive, chymase-negative; MCTC: tryptase-positive, chymase-positive; GC-NICIMS: gas
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enter the clinic were the mast cell-stabilisation chromones and antihistamines. Histamine exerts its effects
via four receptors (H1 to H4). The strategy for intervention has been focused on the H1 receptor. To date
more than 40 H1 receptor antagonists have been approved for clinical use. Although histamine can also be
produced by basophils, it can be assumed that mast cells represent the main sources of histamine.
Consequently, the clinical efficacy of antihistamines in allergic rhinoconjunctivitis is a strong indication that
mast cells do have a critical pathogenic role in the upper airways. However, considering the proposed key
role for histamine in allergy in general, it is still a mystery why similar efficacy cannot be achieved in allergic
asthma. Potential explanations could be differences in end organ receptor function, less optimal drug
dosing in small bronchi and bronchioles, or simply the more complex immunopathology in asthma. Mast
cell stabilisers, for example cromolyn sodium and nedocromil sodium, have been used for decades although
it was only recently shown that the membrane stabilising effect was mediated with the G protein-coupled
receptor 35. Again, whereas acceptable clinical efficacy can be reached in allergic rhinitis, the effect in
asthma has been much more uncertain and unpredictable.

Another therapy that has a significant bearing on mast cells is anti-IgE treatment. The pioneering drug in
this class, the neutralising anti-IgE monoclonal antibody omalizumab, has been shown to reduce both
inflammatory parameters, as well as patient-related outcomes (e.g. symptom scores and quality of life) in
asthmatics. However, a caveat with this treatment is its unpredictable efficacy; while some patients
experience dramatic improvement, the majority of treated patients display little or no signs of clinical
improvement. Nonetheless, anti-IgE therapy represents an important contribution to the treatment of
allergic airway diseases. As for other biologics, the clinical experience with anti-IgE therapy has also spurred
the well-needed search for improved biomarkers and stratified treatment strategies in diseases such as
asthma. With mast cells being the major producers of leukotrienes and prostaglandins (e.g. prostaglandin
(PG)D2), the clinical efficacy of anti-leukotrienes in asthma and the emerging PGD2 receptor 1 antagonists
can be interpreted as a further strong indication of a significant mast cell role, at least in allergic airway
disease. Similar clinical indications of mast cell roles in nonallergic respiratory conditions are still scarce. In
this regard, IL-17-mediated immunity is an interesting field since mast cells have been put forward as the
main IL-17 producers in inflammatory joint and skin diseases (the situation is probably similar in the
respiratory tract). Several IL-17 targeting therapies are in late stage clinical development and whether these
will be useful in nonallergic respiratory inflammation remains to be explored. Mast cells have been
implicated in lung fibrosis [8, 9] and this represents another promising area for mast cell intervention.
However, although promising results have been produced in preclinical models with drugs targeting
chymase or mast cell-derived growth factors [61, 62], clinical data are still lacking.

Conclusion

With an ever-present abundance and vast multifunctional capacity, mast cells are most probably involved in
most, if not all, types of inflammatory conditions of the respiratory tract. Currently there is rapid
progression in the delicate matter of dissecting out and defining the relative importance of the good and bad
roles of mast cells in relevant clinical settings. Together with a better understanding of mast cell
heterogeneity at the microenvironmental level, this will most likely lead to new treatment strategies for both
allergic and nonallergic respiratory diseases.
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