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General introduction

Asthma
Over the last few decades the prevalence of asthma has increased rapidly and currently more than half a million people suffer from asthma in the Netherlands (Annual
Report 2011 Dutch Lung Fund). More women are affected by this underdiagnosed and
undertreated airway disease than men. Asthma is a heterogeneous disorder of the
airways, which are chronically inflamed and contract easily in response to stimuli such
as allergens, cigarette smoke, cold air and exercise. This so-called airway hyperreactivity is accompanied by increased mucus secretion and airway wall remodeling, which
leads to symptoms such as wheezing, coughing, and chest tightness1.

Allergic and nonallergic asthma
Several distinct forms of asthma have been recognized and can roughly be divided into
allergic and the less-studied nonallergic asthma. The majority of asthma patients are
allergic, which is a predisposition to mount an immunoglobulin type E (IgE) response
to inhaled allergens, such as house dust mites and pollen. This type is characterized
by infiltration of eosinophils in the lungs. In nonallergic asthma there is no evidence
of allergen-specific IgE and this type is characterized by the infiltration of neutrophils
in the lungs. A small proportion of asthma patients suffer from severe asthma, which
includes both allergic and nonallergic characteristics. Severe asthma is defined as being unable to control asthma symptoms despite taking high-dose corticosteroids, also
referred to as corticosteroid-resistant asthma2.

Pathogenesis of asthma
Asthma is traditionally considered a T helper 2 (Th2)-cell driven inflammatory disorder. Activation of a Th2-response is characterized by the release of the cytokines
IL-4, IL-5, IL-9 and IL-13. These Th2-cytokines are responsible for the recruitment of
effector cells resulting in eosinophil infiltration, IgE production and histamine release
among other typical asthma symptoms. The innate immune system is increasingly being recognized as an additional important disease mechanism in asthma3. Cells of the
innate immune system actively orchestrate adaptive immune responses in asthma4.
In addition to dendritic cells (DC) in the lung taking up allergens and pathogens and
presenting those to cells of the adaptive immune system, other cells important for innate immune responses in the lung are macrophages. Their role, however, in asthma
is understudied and therefore their contribution to asthma is mostly unexplored5.
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Macrophages
Traditionally macrophages are characterized as the first line of defense against foreign
invaders; research in the past decade has shown that their role extends to developmental processes and maintenance of tissue homeostasis in many ways6,7. To fulfill
these many different roles in tissue, macrophages can adopt a myriad of phenotypes
based on signals they receive from their environment. From in vitro studies a nomenclature was proposed similar to the Th1/Th2 dichotomy, with M1 macrophages being
known as classically activated macrophages induced by interferon gamma (IFNγ) and
tumor necrosis factor alpha (TNFα) and M2 being known as alternatively activated
macrophages induced by interleukin (IL)-4 and IL-138,9. The M2 concept already had
to expand to M2a, M2b and M2c to encompass the many different phenotypes labeled alternatively activated, but these in vitro concepts have been hard to match
to in situ tissue macrophages. This can be explained by the observation that in situ
activated macrophage appear as a continuum rather than discrete entities10,11. To
avoid difficulties and confusion in macrophage research, a recent paper proposed
a new macrophage nomenclature to describe the properties of the macrophages12.
It was advised to name them after their origin, the markers they express and/or the
signals that induce them. In this thesis, the nomenclature has evolved according to
the knowledge in the field. At the time chapter 2 and 3 were written, the M1-M2
classification was the most accepted. In chapters 4 till 7, the most recently proposed
macrophage nomenclature was used.

Origin of macrophages in the lungs
Macrophages are among the most abundant cells in the respiratory tract and can be
broadly divided into two populations depending on their localization: alveolar macrophages that line the surface of alveoli and are located on the interface of incoming
air and tissue and interstitial macrophages that reside within the lung tissue itself13.
It was thought that resident macrophages, with no distinction between alveolar and
interstitial macrophages, originate from blood monocytes. New evidence, however,
shed light on the origin of macrophages during homeostatic conditions. Tissue macrophages can originate from either circulating blood monocytes infiltrating adult tissues or from embryonic macrophages that infiltrate tissues already before birth and
that are maintained throughout life through local proliferation14–21. These embryonic
macrophages can develop from the yolk sac directly or from erythro-myeloid progenitors in the fetal liver14,19,22,23. Recent studies showed that alveolar macrophages derive
from embryonic progenitors, as opposed to circulating monocytes, and self-maintain
12
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during steady-state conditions14–16. This led to studies investigating the origin of macrophages during allergic inflammation that characterizes asthma. It was indicated that
immediately after allergen exposure, alveolar macrophages might be supplemented
with macrophages derived from infiltrating monocytes. At later time points, though, it
was shown that resident macrophages massively proliferate to maintain the alveolar
macrophage pool24,25. These recent studies, however, only studied alveolar macrophages and no specific studies were done into the origins of interstitial macrophages.
It has been suggested that alveolar macrophages originate from interstitial macrophages26. Taking these data together, it may be possible that interstitial macrophages
are the intermediate (embryonic or hematopoietic) progenitor pool from which
alveolar macrophages develop, but this has not been rigorously proven yet.
Functionally, interstitial macrophages are less efficient in phagocytosing particles and
microbes than alveolar macrophages, but better at regulating inflammation, fibrosis
and antigen presentation13,27. In addition, interstitial macrophages as opposed to
alveolar macrophages, were also found to produce high levels of IL-10 and thereby
inhibit DC migration28. Thus, it has been suggested that the contribution of interstitial
macrophages to pathogen defense is less as compared to alveolar macrophages,
which makes sense when their anatomical location is taken into account. The role
of interstitial macrophages has been suggested to be more important for resolution
of disease29. These distinct functions ensure that together they can quickly deal with
microbes, allergens and other threats to homeostasis without perturbing normal gas
exchange. This is regulated by the unique characteristic of macrophages to adopt the
most effective phenotype based on signals from surrounding tissue26,27,29. However,
aberrant phenotypical changes are linked to many respiratory diseases. In asthma,
changes in the number and phenotype of lung macrophages have been found. First,
the phenotypes corresponding with in vitro-generated phenotypes will be introduced,
followed by what is known about their role in the pathogenesis of asthma.

Activation of macrophages
M1/IRF5+ macrophages
These classically activated macrophages develop after being exposed to IFNγ and
TNFα or lipopolysaccharide (LPS, which induces TNFα production) under the influence
of the transcription factor interferon-regulatory factor 5 (IRF5)30. They are essential
in host defense against intracellular pathogens by generating reactive oxygen species
(ROS) and nitric oxide (NO) through upregulated expression of inducible nitric oxide
synthase (iNOS) and amplifying Th1 immune responses by producing pro-inflamma13
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Figure 1: Schematic representation of the three macrophage phenotypes and their characteristics. Abbreviations: IFNγ: interferon gamma; TNFα: tumor necrosis factor alfa; LPS: lipopolysaccharide; MHC class II:
major histocompatibility complex class II; IL: interleukin; NO: nitric oxide; IRF5: interferon regulatory factor
5; Fe: iron; TGCD206+/YM1+: transglutaminase 2; YM1: chitinase-3–like protein-3; FIZZ1/Relmα: resistin-like
molecule-α; Arg-1: arginase-1; TGFβ: transforming growth factor beta; TLR: toll-like receptor; PGE2: prostaglandin E2; PPARγ: peroxisome proliferator-activated receptor gamma.

tory cytokines like IL-12, IL-1β, and TNFα (figure 1)31. In addition, they show enhanced
phagocytosis of microorganisms, antigen presentation capabilities and enhanced
production and secretion of matrix metalloproteinases (MMPs) such as MMP7 and
MMP932–35. The secretion of MMPs enables macrophage migration during inflammatory responses, but excessive or unregulated production results in tissue damage10,35.
In chapter 2 and 3, these macrophages were described as M1 macrophages and in
chapter 4 till 7 these macrophages were identified as IRF5+ macrophages.

Alternative activation
Alternatively activated macrophages were named to indicate their activation status
was distinctly different from the above-described classically activated macrophages.
First discovered to be induced by IL-4 and IL-1336,37, this phenotype was soon found
to have more siblings, closely resembling each other but distinctly different in function10,38. A variety of different names have been suggested, but in chapter 2 and 3
14
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of this thesis the distinction made by Mosser et al. and Sica et al. was adopted10,38.
According to this “old” nomenclature, the phenotype induced by IL-4/IL-13 was called
alternatively activated or CD206+/YM1+ macrophage and the name anti-inflammatory macrophage or M2-like macrophage was used for the phenotype characterized
by high IL-10 production that are induced by a variety of stimuli (see also figure 1).
In chapters 4 till 7, these macrophages were classified as YM1+ or CD206+ (mouse
versus human) macrophages and IL-10+ macrophages, respectively.

M2/CD206+/YM1+ macrophages
Macrophages induced by IL-4/IL-13, under the influence of the transcription factor
IRF439, have a role in protection against helminths and are considered wound-healing
macrophages because of their association with physiological and pathological tissue
remodeling10,40. They are characterized by upregulated expression of mannose receptors (such as CD206) and transglutaminase 2 in man and mice37,41 and by upregulated
expression of arginase-1, chitinase-3–like protein-3 (Chi3l3, also known as YM1),
and resistin-like molecule-α (Relmα, also known as FIZZ1) in mice only (see also
figure 1)40,42,43. They have poor antigen presenting capabilities and exhibit increased
release of iron and clearance of apoptotic cells (efferocytosis) and extracellular matrix
components 44–46.

Anti-inflammatory/IL-10+ macrophages
Anti-inflammatory macrophages also upregulate mannose receptors and in addition
produce high levels of IL-10 (see also figure 1). They are induced by a number of
stimuli that need to be combined with a second signal, which is Toll-like receptor (TLR)
stimulation. The initial signals include glucocorticosteroids, prostaglandin E2 (PGE2),
antibody immune complexes, transforming growth factor beta (TGFβ), and IL-10 itself
[5]. They may also be the macrophages that produce TGFβ in addition to IL-10, but
this has not been rigorously shown due to the overlap in markers between CD206+/
YM1+ and anti-inflammatory macrophages47–50.
Transcriptional control of this phenotype is unclear but may involve peroxisome proliferator-activated receptor gamma (PPARγ) and the cAMP-responsive element-binding
protein (CREB)-CCAAT/enhancer-binding protein-β (C/EBPβ)-axis51. As a result of their
high IL-10 production, these macrophages have strong anti-inflammatory activity.
This can be beneficial during later stages of immune responses to limit inflammation,
but may also permit tumor progression when associated with tumors10,31. To date is
has been difficult to distinguish genuine alternatively activated macrophages from
anti-inflammatory macrophages because they share many markers, most notably the
mannose receptor. Only IL-10 production would be a reliable marker but is seldom
15
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used to identify anti-inflammatory macrophages10. The exact differences in tissue
distribution and function of these two phenotypes are therefore difficult to establish
from the studies published to date.

Macrophages and asthma
In asthma, it appears that effective phenotype switching is impaired and macrophages
can actually contribute to the pathogenesis of this disease. The next part will focus on
the roles of each known phenotype in the pathogenesis of asthma.

M1/IRF5 + macrophages in asthma
Although the inflammatory process in asthma is dominated by a Th2 inflammation,
increasing evidence supports the parallel development and involvement of both
IRF5+ and CD206+ macrophages in this disease. Levels of inducers of this phenotype
(IFNγ and LPS or TNFα) were found to be significantly higher in asthmatics, especially
in those with severe forms of the disease52–54. Elevated serum IFNγ correlates with the
severity of airway inflammation in allergic asthma and this cytokine has been linked to
mechanisms that induce airway hyperreactivity55,56. In agreement with the findings in
human asthma, it was shown that both IFNγ and LPS contribute to airway inflammation and airway hyperreactivity in a mouse model of asthma57,58. TNFα is implicated in
many aspects of asthma pathology, including development of airway hyperreactivity
and attraction of eosinophils and neutrophils59,60.
In both allergic and nonallergic asthmatics, the amount of LPS in house dust has been
related to the severity of airway inflammation61,62. Inhalation of pure LPS by asthmatics is associated with bronchoconstriction and a change in airway hyperreactivity63,64.
Administration of high doses of LPS into the lungs of allergic mice promotes airway
hyperreactivity, neutrophilic inflammation and expression of the cytokine IL-12. In
addition, exposure of asthmatic mice to both IFNγ and LPS induced higher numbers of
macrophages in the lungs52.
These macrophages polarize under the influence of the transcription factor IRF5. It
was shown that a common IRF5 gain-of-function haplotype is associated with asthma
and the severity of asthmatic symptoms. These associations were more pronounced
in nonallergic asthmatics and it was suggested that IRF5 may only have a profound
impact on the pathogenesis and severity of nonallergic asthma and not on allergic
asthma65. An explanation could be that IRF5+ macrophages are responsible for the
recruitment of neutrophils, which are the major effector cells in nonallergic asthma.
16
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Neutrophils are also dominant in more severe phenotypes of asthma and the most
commonly used therapy for asthma, corticosteroids, is not effective against neutrophilic inflammation66. This is in accordance with recent findings that corticosteroidresistant asthmatics have increased expression of inducers and products of classical
macrophage activation in bronchoalveolar lavage fluid (BALF) compared to corticosteroid-sensitive asthmatics, suggesting that IRF5+ macrophages play also a key role in
the development of severe corticosteroid-resistant asthma67.
Thus, both the presence of the skewing factors (IFNγ, TNFα or LPS) and the proinflammatory mediators released by IRF5+ macrophages can contribute to asthma.
Besides a role in severe corticosteroid-resistant asthma, inducers and products of this
phenotype have also been implicated in nonallergic asthma.

M2/CD206+/YM1+ macrophages in asthma
The cytokines IL-4 and IL-13 are abundantly present in the lungs of asthmatics and
it therefore is no surprise that markers expressed by CD206+/YM1+ macrophages
associated with asthma. Elevated levels of chitinase family members have been found
in the serum and lungs of patients with asthma, suggesting the presence of higher
numbers of CD206+/YM1+ macrophage68,69. Indeed, we previously showed that asthmatics have higher percentages of macrophages expressing mannose receptor and
transglutaminase 2 in bronchial biopsies than healthy subjects41,70. In addition Kim et
al. showed that severe asthmatics had higher numbers of IL-13+ macrophages in BALF
as compared to healthy controls71. Both chitinase levels and the percentage of mannose receptor-positive (CD206+) macrophages also correlated with asthma severity in
our studies and those of others68,70. Higher numbers of IL-13-recepter+CD206+ macrophages were also found in children suffering from severe exacerbations of asthma72.
These clinical findings demonstrate a correlation between asthma severity and the
number of CD206+/YM1+ macrophages, but it is unclear whether these alternatively
activated macrophages actively contribute to the induction and exacerbation of the
disease or are just bystanders in allergic airway inflammation responding to the high
IL-4 and IL-13 levels.
Credit to the role of CD206+/YM1+ macrophages in the exacerbation of the disease
was given by adoptive transfer studies. We showed that adoptive transfer of in vitro
differentiated IL-4/IL-13-stimulated macrophages into the airways of male asthmatic
mice aggravated airway inflammation73. Another study using IL-4 receptor α-positive
macrophages showed that intraperitoneal injection of these macrophages was sufficient to increase the allergic inflammatory response in the lung74. In a different model
of fungus-induced asthma, Moreira et al. showed that transfer of IL-4/IL-13-stimulated
17
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macrophages into the lungs of mice enhanced both inflammation and collagen deposition as compared to asthmatic mice not treated with macrophages75. These studies
substantiated previous circumstantial evidence concerning a role for CD206+/YM1+
macrophages in the pathogenesis of asthma76,77. Unfortunately, the previous studies
did not conclusively prove that CD206+/YM1+ macrophages play a causative role in
the development of allergic airway inflammation. In contrast to what has just been
described, Nieuwenhuizen et al. concluded that YM1+/Arg1+/FIZZ-1+ macrophages
are not necessary for allergic airway disease and may only be a consequence of the
elevated Th2 response78. They demonstrated this by using mice with macrophagerestricted IL-4 receptor-α (IL-4Rα)-deficiency. Interestingly, recent data showed that
these LysMcre mice successfully abrogate IL-4Rα signaling on mature tissue resident
macrophages, but fail to delete this on more immature macrophages arising from
proliferation or from recruited monocytes precursors79. Additionally, it was found
that YM1+Relmα+ macrophages derived from monocytes and tissue macrophages
are phenotypically and functionally distinct80. These data suggest that that mature
CD206+/YM1+ resident macrophages do not contribute to allergic lung disease, but
the CD206+/YM1+ macrophages that are newly derived from either proliferation or
recruited monocytes may be the active contributors to the disease.
To sum up, products of the whole spectrum of alternative activation correlate with
severity of allergic airway disease in humans and mice, suggesting that CD206+/YM1+
macrophages contribute to the disease. Indeed, adoptive transfer studies showed
IL-4/IL-13-stimulated macrophages aggravated the degree of allergic airway inflammation. Other data suggested, however, that CD206+/YM1+ macrophages are not
essential for the development of allergic airway inflammation. It seems likely that
there are different types of CD206+/YM1 macrophages that may have a different
contribution to allergic airway inflammation.

Anti-inflammatory/IL-10+ macrophages and asthma
Reports on the role of anti-inflammatory macrophages in asthma are few. These
macrophages could play an important role in the resolution of allergic inflammation
because of their production of IL-10. Interestingly, a lower level of IL-10 production
was found in lung macrophages from asthmatics compared to healthy persons81.
Moreover, macrophages from severe asthmatics produce high levels of IL-6 and IL-8,
but IL-10 was not detectable in these cells compared to macrophages from patients
with moderate asthma82. In contrast, there are also studies that report higher levels of
IL-10 in asthmatics as compared to healthy subjects. An explanation for these different findings could be the use of ICS by the majority of the asthmatics in these studies,
which may have influenced IL-10 production by alveolar macrophages81,83.
18
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Studies in mouse models of allergic airway inflammation have investigated the role of
IL-10 intensively and found it to be an important mediator in the resolution of airway
inflammation84, but only few studied the production of IL-10 by macrophages. It was
shown that lung interstitial macrophages produce high levels of IL-10 and prevent
airway inflammation in mice28. Stimulation of macrophages with ovalbumin and TLRligands induced increased production of IL-10 by these macrophages and this resulted
in lower levels of IL-5 and ovalbumin-specific IgE and a lower number of eosinophils
in a mouse model of asthma85.
Although evidence for a role of anti-inflammatory macrophages in asthma is scarce,
data so far suggest a protective effect since active IL-10 production by these cells was
found to be low in moderate asthma and absent in severe asthma82. In a mouse model
of asthma, IL-10 was shown to act anti-inflammatory85. Studies on the resolution of
asthma may reveal whether an increased production of IL-10 by these macrophages
is involved.
Combining the data available for the different subsets in asthma, the studies suggest
that IRF5+ macrophages can cause severe corticosteroid-resistant asthma. CD206+/
YM1+ macrophages are associated with asthma and their presence correlates with
more severe disease. However, it is still a matter of debate whether they genuinely
contribute to asthma pathogenesis since there are different types of CD206+/YM1
macrophages that may have distinct role. IL-10+ macrophages seem to be beneficial
to resolution of asthma through production of IL-10, but are not present or not functional in asthma and therefore allergic inflammation can progress.

Scope of this thesis
In summary, macrophages are important in maintaining tissue homeostasis in the
lung. Through their ability to change phenotypes they are able to regulate responses
to homeostatic threats without impairing the functionality of the organ. However,
data on the distribution of macrophage subsets in healthy lung tissue and during
disease is lacking especially in humans. Changes in the interactions between the
different subsets, i.e. the balance, and changes in their function may contribute to
the development of specific types of asthma (i.e. severe, neutrophilic, eosinophilic).
Therefore, improving a particular function of a macrophage phenotype or specifically
change a phenotype may be a novel therapeutic approach for asthma.

19
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The aim of this thesis was to investigate the role of macrophages in asthma and
explore this as new avenue for the treatment of asthma. In chapter 2 macrophage
phenotypes were characterized in three different murine models of house dust mite
(HDM)-induced allergic lung inflammation and the correlation of the different phenotypes with disease severity was studied. In chapter 3 the distribution of macrophage
phenotypes was assessed in established murine models of allergic and nonallergic
lung inflammation. Chapter 4 focuses on how macrophage proliferation, recruitment
and phenotype switching develop during induction of allergic lung inflammation. In
chapter 5 the presence of macrophage phenotypes is studied in airway wall tissue
of healthy controls and asthma patients with mild to moderate disease. In chapter
6 the effect of inhibiting development of CD206+/YM1+ macrophages on the induction of allergic lung inflammation was studied and inhibition of the development of
CD206+/YM1+ macrophages in established allergic lung inflammation was explored
as a treatment option. In chapter 7 the question was addressed whether the homeostatic behavior of macrophages could be re-instated by inducing IL-10 production in
macrophages. Chapter 8 contains a summary and discusses the findings of this thesis.
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