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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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Abstract
In asthma, an important role for innate immunity is increasingly being recognized.
Key innate immune cells in the lungs are macrophages. Depending on the signals
they receive, macrophages can at least have a M1, M2 or M2-like phenotype. It is
unknown how these macrophage phenotypes behave with regard to (the severity
of) asthma. We have quantified the phenotypes in three models of house dust mite
(HDM)-induced asthma (14, 21 and 24 days). M1, M2 and M2-like phenotypes were
identified by interferon regulatory factor 5 (IRF5), YM1 and IL-10 respectively. We
found higher percentages of eosinophils in HDM-exposed mice compared to control
but no differences between HDM models. T cell numbers were higher after HDM
exposure and were the highest in the 24-day HDM protocol. Higher numbers of M2
macrophages after HDM correlated with higher eosinophil numbers. In mice with less
severe asthma, M1 macrophage numbers were higher and correlated negatively with
M2 macrophages numbers. Lower numbers of M2-like macrophages were found after
HDM exposure and these correlated negatively with M2 macrophages. The balance
between macrophage phenotypes changes as the severity of allergic airway inflammation increases. Influencing this imbalanced relationship could be a novel approach
to treat asthma.
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Introduction
Asthma is characterized by irreversible obstruction and chronic inflammation of the
airways, and is traditionally considered a T helper 2 (Th2)-cell driven inflammatory
disorder [1]. However, an important role for the innate immune system in addition to
the adaptive immune system is increasingly being recognized in asthma [2].
Macrophages are key cells in innate immune responses in the lung: they are among
the most abundant cells and one of the first to encounter allergens and other threats
to homeostasis. They also have the plasticity to quickly deal with those without endangering normal gas exchange. Depending on the signals received, macrophages can
be pro- or anti-inflammatory, immunogenic or tolerogenic, and destroying or repairing tissue. Each characteristic may belong to a different macrophage phenotype with
distinct functions [3, 4].
Tumor necrosis factor α (TNFα) and interferon γ (IFNγ) induce, under the influence of
the transcription factor interferon-regulatory factor 5 (IRF5), a phenotype of M1 macrophages with increased microbicidal and/or tumoricidal activities [4, 5]. Exposure
to IL-4 or IL-13 results in a population of M2 macrophages that is involved in antiparasite and tissue repair responses [6, 7]. In mice, these cells are recognized by high
production of chitinase and chitinase-like molecules such as YM1 [7, 8]. A close sibling
of M2 macrophages is the M2-like macrophage phenotype. These macrophages can
be induced by a variety of stimuli including exposure to a TLR-ligand in the presence
of IL-10 or many more compounds. The main characteristic of the subtly different M2like population is the production of IL-10. Since IL-10 is a potent anti-inflammatory
cytokine, these M2-like macrophages are effective inhibitors of inflammation [4].
Despite the broad the spectrum of macrophage activation, the role of macrophages
in asthma has scarcely been studied [9]. From what is known, all three macrophage
phenotypes have been implicated in the development of murine and human asthma
[10–12]. In mice, depending on the protocol used, asthma phenotypes can greatly differ [13, 14]. We aimed to investigate the distribution of the three main macrophages
phenotypes in three different models of HDM-induced asthma and also included
the effects of sex on asthma development. First, we show the general differences in
airway inflammation in the three HDM models and next we study the distribution of
the macrophage phenotypes with regard to severity of allergic airway inflammation.
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Materials and methods
Animals
Male and female BALB/c mice (aged 6-8 weeks) were obtained from Harlan (Horst,
The Netherlands). The mice were fed ad libitum with standard food and water and
were held under specific pathogen-free conditions in groups of 4 mice per cage. The
animal procedures, approved by the Institutional Animal Care and Use Committee of
the University of Groningen (application number 5318), were performed under strict
governmental and international guidelines.

House dust mite (HDM)-induced airway inflammation models
Male (n=4 per model) and female mice (n=4 per model) were anaesthetized with
isoflurane and exposed intranasally to whole body HDM extract (Dermatophagoides
pteronyssinus, Greer laboratories, Lenoir, USA) in 40 μl phosphate-buffered saline
(PBS) according to three different protocols. Control animals (n=8) were exposed to
40 μl PBS according the 21-day protocol described.
Mice of the first model (n=8) received 100 μg HDM extract intranasally on day 0,
were subsequently exposed to 10 μg HDM on day 7-11 according to the protocol of
Hammad et al. and were sacrificed on day 14 (abbreviated as 14-day HDM) [15]. In
the second model, according to Gregory et al. [16], mice (n=8) were exposed to 25 μg
HDM extract three times a week during three weeks and were sacrificed on day 21
(abbreviated as 21-day HDM). For the last model (n=7, due to illness one female was
excluded from the study), mice were intranasally exposed to 100 μg HDM on day 0,
7, 14 and 21 according to the protocol of Arora et al. and were sacrificed on day 24
(abbreviated as 24-day HDM) [17].
During sacrifice lungs were lavaged three times with 1 ml cold PBS to determine
the number of eosinophils and YM1 levels. Then, the left lung lobe was collected
to isolate lung cells from digested lung for flow cytometry and the right lung was
inflated with 0.5 ml 50% Tissue-Tek© O.C.T.Ô compound (Sakura, Finetek Europe B.V.,
Zoeterwoude, The Netherlands) in PBS and snap frozen/formalin-fixed for histological
analyses. Serum was collected for analysis of HDM-specific IgE levels. Figure 1 shows
an overview of the experimental designs.

HDM-specific IgE
Serum levels of HDM-specific IgE were measured by ELISA as described previously
[18]. Arbitrary ELISA units of HDM-specific IgE titers were calculated as relative values
to the optical density of pooled sera from HDM-exposed mice.
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Figure 1. Experimental design of the study: three models of HDM-induced allergic inflammation. HDM, house
dust mite.

Bronchoalveolar lavage fluid (BALF)
BALF was collected and total numbers of cells were determined using a Casy cell counter (Roche Innovatis AG, Reutlingen, Germany). After centrifugation at 300 × g for 10
min, BALF supernatants were stored at −80°C for further analysis (YM1 ELISA) and the
cells were resuspended in RPMI medium (BioWhittaker Europe, Verviers, Belgium) for
preparation of cytospots. Approximately 50.000 cells were spotted onto slides using a
cytospin 3 (Thermo Shandon, Waltham, MA, USA) at 450 rpm for 5 min. To determine
the percentage of eosinophils in the cytospots, a Giemsa staining (Sigma-Aldrich,
Zwijndrecht, The Netherlands) was performed and the number of eosinophils was
counted in a total of 300 cells.
The level of mECF-L (YM1) in BALF supernatants was determined by an ELISA kit according to the manufacturer’s instructions (R&D Systems, Oxon, UK).
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Lung digestion
After bronchoalveolar lavage, the left lung was minced and incubated in RPMI medium supplemented with 10% fetal calf serum (both Lonza, Verviers, Belgium), 10 μg/
ml DNAse I (grade II from bovine pancreas, Roche Applied Science, Almere, Netherlands), and 0.7 mg/ml collagenase A (Sigma-Aldrich) for 45 min at 37°C in a shaking
water bath. The digested lung tissue was passed through a 70 μm nylon strainer (BD
Biosciences, Breda, Netherlands) to obtain single cell suspensions. Incubation with 10
times diluted Pharmlyse (BD Biosciences, Breda, The Netherlands) was performed to
lyze contaminating erythrocytes. Cells were centrifuged through 70 μm strainer caps
and counted using a Casy cell counter (Roche Innovatis AG). Cells were subsequently
used for flow cytometry.

Flow cytometric analysis
The single lung cell suspensions were stained for T-cell subsets using antibodies for
flow cytometry. Frequencies of effector T cells (CD3+CD4+CD25+Foxp3-) and regulatory T cells (CD3+CD4+CD25+Foxp3+) were examined using αCD3-APC/Cy7 (Biolegend,
Fell, Germany), αCD4- PE/Cy7 (Biolegend), αCD25-PE (Biolegend), and αFoxp3-APC
(eBioscience, Vienna, Austria). An appropriate isotype control was used for the Foxp3
staining (rat IgG2ak-APC, eBioscience).
Approximately 106 cells were incubated with the appropriate antibody mix including
1% normal mouse serum for 30 minutes on ice, protected from light. After washing the cells with PBS supplemented with 2% FCS and 5 mM EDTA, the cells were
fixed and permeabilized for 30 minutes using a fixation and permeabilization buffer
(eBioscience). Then cells were washed with permeabilization buffer and incubated
with anti-Foxp3 including 1% normal mouse serum for 30 min. Subsequently, the cells
were washed with permeabilization buffer, resuspended in FACS lysing solution (BD
Biosciences) and kept in the dark on ice until flow cytometric analysis. The fluorescent
staining of the cells was measured on a LSR-II flow cytometer (BD Biosciences) and
data were analyzed using FlowJo Software (Tree Star, Ashland, USA).

Histology
Sections of 4 μm were cut from the frozen part of the right lung and stained for all
macrophages (rat αCD68, Serotec, Oxford, UK). The numbers of M2 macrophages
were determined in frozen sections by staining for YM1 (goat α-mECF-L, R&D Systems, Oxon, UK) using standard immunohistochemical procedures. CD68 and YM1
were visualized with 3-amino-9-ethylcarbazole (AEC, Sigma Aldrich, Zwijndrecht, The
Netherlands).
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The formalin-fixed part of the right lung was embedded in paraffin and sections of 3
μm were cut. To identify the M1 macrophages in tissue sections, antigen retrieval was
performed by overnight incubation in Tris-HCL buffer pH 9.0 at 80°C and then sections
were stained for IRF5 (rabbit α-IRF5, ProteinTech Europe, Manchester UK) using standard immunohistochemical procedures. To determine the number of IL-10 producing
cells, antigen retrieval was performed by boiling the sections in citrate buffer pH 6.0
for 10 minutes. The sections were pretreated with 1% bovine serum albumin (Sigma
Aldrich) and 5% milk powder in PBS for 30 minutes and incubated with rabbit α-IL-10
overnight (Hycult Biotech, Uden, The Netherlands). IRF5 and IL-10 were both visualized with ImmPACT NovaRED kit (Vector, Burlingame, CA, USA).
Positive cells were quantified by manual counting in parenchymal lung tissue (thus
excluding large airways, vessels, and infiltrates, magnification 200-400x) and the total
tissue area was quantified by morphometric analysis using ImageScope analysis software (Aperio, Vista, CA, USA). The numbers of cells were expressed per mm2 of tissue.

Statistical Analysis
To determine if the data were normally distributed a Kolmogorov-Smirnov test was
used. If data sets were not normally distributed, appropriate transformations were
performed. The differences between the models were tested using one-way analysis
of variance (ANOVA) with Tukey’s post-hoc test for multiple comparisons and sex differences were tested with the Student’s t test. Pearson correlation coefficients were
calculated to analyze the correlation between the inflammation parameters and macrophages phenotypes, and correlations within macrophage phenotypes (GraphPad
Software, La Jolla, CA, USA). Differences were considered significant when P < 0.05,
and P < 0.10 was considered a statistical trend.

Results
HDM exposure induces allergic airway inflammation
To test whether exposure to HDM, according to three different protocols, induced allergic
airway inflammation differently, we studied a number of general inflammation parameters.
Higher percentages of eosinophils in BALF were found in all three HDM-exposed
groups as compared to control mice (figure 2A). No differences in percentage of
eosinophils in BALF were observed between the three HDM protocols. HDM-specific
IgE levels in serum were not affected by the different HDM exposures, only a trend of
higher levels was found in the group that was exposed to HDM in the 21-day protocol.
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Figure 2. A) HDM exposure induced higher percentages of eosinophils in BALF of males (♂) and females (♀)
as compared
to control, but no differences were found between the HDM protocols. Combining all models,
2.5
B
higher percentages
of eosinophils after
HDM exposure were found in females as compared to males (p<0.01).
p<0.1
2.0
B) The 21-day
protocol increased HDM-specific IgE in serum of male and female mice as compared to control
(trend, p<0.1). Again ombining all models, HDM exposure induced higher levels of HDM-specific IgE in females
1.5
than in males (p<0.05). ###=p<0.001 compared to control.
1.0

In all 0.5
protocols of HDM exposure, HDM-specific IgE levels were very low measuring
just above the limit of detection in the calibration curve (figure 2B).
0.0

Control

14-day

21-day

24-day

HDM
HDM
HDM
The higher airway inflammation
in the
three HDM-exposed groups was accompanied
by higher percentages of effector T cells in lung tissue as compared to the control
group (figure 3A). The 24-day protocol showed a higher percentage of effector T cells
in lungs than the 14-and 21-day protocol. After HDM exposure the percentage of
regulatory T cells was also higher in all three protocols as compared to control mice
(figure 3B). The 24-day HDM protocol induced higher percentages of regulatory T cells
in lungs compared to the 14-day protocol. The ratio of effector T cells to regulatory
T cells was higher in the 24-day HDM protocol as compared to the control group and
the other two HDM protocols (Figure 3C).

In females, HDM exposure induced more eosinophilia (p<0.01), effector T cells
(p<0.05), regulatory T cells (p<0.05) and higher levels of HDM-specific IgE (p<0.05)
than in males.

HDM exposure induces M1 and M2 macrophages but inhibits M2-like
macrophages
To study the presence of macrophage phenotypes after HDM exposure according to
the three different protocols, we stained lung tissue for markers of total macrophages
(CD68), M1 macrophages (IRF5), M2 macrophages (YM1) and M2-like macrophages
(IL-10) and counted positive cells in parenchymal tissue.
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21-day

24-day

HDM-exposed miceHDM
had more
cells in lung tissue as compared to
HDM CD68-positive
HDM
control mice (figure 4A). No differences in CD68-positive numbers were observed
between the HDM protocols. Compared to control mice, IRF5-positive cell numbers
were higher in 14-and 21-day protocol, but not in mice exposed to HDM according
to the 24-day protocol (figure 4B). Between the HDM models, lower IRF5-positive
numbers were found in lungs of mice that were exposed to HDM according to the
24-day protocol as compared to the mice of the 14-day HDM protocol.
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For YM1, all HDM protocols induced more YM1-positive cells as compared to control
(figure 4C). However, mice that were exposed in the 24-day HDM protocol had higher
numbers of YM1-positive cells in lung tissue than the mice of the 14-day HDM protocol. YM1 levels in BALF were elevated in all HDM models as compared to control,
but no differences were found between the models (figure 5). Interestingly, HDM
exposure resulted in significantly lower numbers of IL-10-positive cells in all three
protocols compared to the control-treated group (figure 4D). There were no differences observed in IL-10-positive cell numbers between the three HDM protocols.
HDM-exposed females had more CD68-positive cells (p<0.05), YM1-positive cells
(p<0.01) and higher levels of BALF YM1 (p<0.05) than males, whereas no differences
were found in IRF5- and IL-10-positve cells numbers between the two sexes.

M2 macrophages positively correlate with parameters of airway inflammation
To assess how severity of airway inflammation is reflected by the presence of the three
main macrophage phenotypes, we correlated parameters of allergic airway inflammation with the different macrophage phenotypes in HDM-exposed mice (table 1).
Numbers of CD68-positive cells correlated positively with the percentage of eosinophils in BALF (r=0.58), effector T cells (trend, r=0.37) and regulatory T cells (r=0.42) in
lungs of HDM-exposed mice, indicating that more severe disease was accompanied
by more macrophages. Most of these macrophages appear to be YM1-positive as only
YM1-positive cell numbers correlated significantly with the percentage of eosinophils
in BALF (r=0.48, figure 6) and the percentage of regulatory T cells (r=0.51) in lung
tissue. No differences were found between males and females.

M2 macrophages negatively correlate with IRF5-positive and IL-10-positive cells
To study the relationship between the different macrophage phenotypes in allergic
airway inflammation, correlations were made between YM1-postive, IRF5-positive, IL10-positive, and CD68-positive cells in lung tissue of all HDM-exposed mice (table 2).
Table 2. Correlations between macrophage phenotype markers
CD68+ cells
CD68+ cells
IRF5+ cells
YM1+ cells

IRF5+ cells
-0.40

#

YM1+ cells

IL-10+ cells

0.66**

-0.17

-0.70**

0.20
-0.48*

Values are correlations coefficients (Pearson correlation). #=p<0.1, *=p<0.05 and **=p<0.01
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Figure 4. A) HDM-exposed male (♂) and female (♀) mice had more CD68-positive cells in lung tissue as compared to control, but no differences were found between the HDM protocols. Combining all models, HDM
exposure induced higher numbers of CD68-positive cells in females than in males (p<0.05). B) HDM-exposed
male and female mice had more IRF5-positive cells in lung tissue as compared to control, but no differences
were found between males and females when combining all models. The 14-day HDM protocol induced higher numbers of IRF5-positive cells as compared to the 24-day HDM protocol. C) HDM-exposed male and female
mice had more YM1-positive cells in lung tissue as compared to control, with higher numbers of YM1-positive
cells in females than in males (p<0.01). The 24-day HDM protocol induced higher numbers of YM1-positive
cells as compared to the 14-day HDM protocol D) HDM-exposed male and female mice had lower numbers
of IL-10-positive cells in lung tissue as compared to control, but no differences were found between the HDM
protocols and between the sexes. The middle and right-hand panels are representative photos of control
and HDM-exposed mice for all four stainings (magnification 200x). #=p<0.05, ##=p<0.01 and ###=p<0.001
compared to control. *=p<0.05.
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Figure 5. HDM exposure induced higher levels of YM1 in bronchoalveolar lavage fluid (BALF) of male (♂) and
female (♀) mice as compared to control, but no differences were found between the HDM protocols. Combining all models, HDM exposure induced higher levels of YM1 in BALF in females than in males (p<0.05). #
p=0.05 and ###=p<0.001 compared to control.

Table 1. Correlations between macrophage phenotype markers and parameters of allergic airway inflammation
CD68+ cells
Eosinophils

0.58**

HDM-specific IgE

-0.06

IRF5+ cells

YM1+ cells

IL-10+ cells

-0.26

0.48*

0.01

-0.18

0.33

-0.13

Effector T cells

0.37#

-0.30

0.29

0.05

Regulatory T cells

0.42*

-0.20

0.51*

-0.21

YM1+ cells/mm2 lung tissue

Values are correlations coefficients (Pearson correlation). #=p<0.1, *=p<0.05 and **=p<0.01
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BALF of male and female mice exposed to HDM according to three different protocols. No differences were
found between males and females when combining all models.
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Discussion
Our study has shown that the balance between macrophage phenotypes changes as
the severity of allergic inflammation increases. Higher numbers of M2 macrophages in
HDM-exposed mice correlated with higher percentages of eosinophils in BALF. At the
same time lower numbers of M1 macrophages and M2-like macrophages were found
in the mice with more severe inflammation and these therefore correlated negatively
with M2 macrophages. In addition, we have confirmed again that females have more
pronounced airway inflammation with higher numbers of M2 macrophages as compared to males [19].
The models we used for our study were short-term exposure to HDM and they give
us much information about the distribution of the different macrophages phenotypes
during induction of asthma. In these models we found that longer exposure to HDM
did not induce more severe eosinophilic inflammation but it did lead to higher numbers of M2 macrophages and higher percentages of effector and regulatory T cells
in lungs of mice. The fact that we found no differences in eosinophils between the
models is probably due to the large variation within the groups. However, when analyzing all HDM-exposed mice separately, eosinophils correlated positively with total
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macrophages and M2 macrophages, confirming our previous findings in humans that
M2 macrophages increase with increasing asthma severity [20]. Another important
parameter of allergic airway inflammation, serum HDM-specific IgE, could barely be
detected probably because the duration of the models was too short. It takes around
3 weeks for naive B cells to mature to plasma cells and switch from IgM production to
IgE after first contact with an antigen [21]. Our models lasted 24 days at the most and
we therefore sacrificed our animals before a full-blown IgE response could develop.
Also, studies from other groups using these models did not show HDM-specific IgE
in serum [15–17]. To investigate how macrophage phenotypes are distributed during
and contribute to more chronic disease, longer models of HDM-exposure need to be
used.
We sought to phenotype the distinct macrophage subsets in lung tissue using markers
that could distinguish each phenotype. We identified M2 macrophages using expression of YM1, which is unique for this phenotype in the lung. Previous studies found
that only macrophages express YM1 and the staining is not complicated by other cells
staining positive [22–24]. A unique marker for identifying M1 macrophages in lung
tissue is, however, more difficult to find. To our knowledge selective surface markers
for tissue are not available and therefore the production of IL-12 and oxygen radicals
have been used in several mouse studies [25, 26]. In asthma, oxygen radicals cannot
be used to stain for M1 macrophages because these are also copiously produced by
eosinophils that are present in great numbers [27]. Recently, IRF5 was found to be
the transcription factor controlling M1 differentiation. It is highly expressed in M1
macrophages while it suppresses the M2 phenotype [5]. Our study was the first to
use IRF5 as a M1 marker on lung tissue and it is a fairly selective marker. Bronchial
epithelial cells and incoming leukocytes in infiltrates also stain positive for IRF5 but
these could be excluded from the quantification of parenchymal tissue based on localization. A double staining with CD68 to make sure only macrophages are included in
the quantification is unfortunately at present not possible due to technical incompatibilities. In previous studies, M2-like macrophages are often not distinguished from
M2 macrophages because they share many markers, including mannose receptor.
The production of the immunosuppressive cytokine IL-10 is the most important and
reliable characteristic of M2-like macrophages and can be used to identify these
cells with [4]. Similar to IRF5, bronchial epithelial cells and some cells in infiltrates
are also expressing IL-10 but these can easily be excluded from the quantification of
parenchymal tissue. To exclude other IL-10-producing cells from the analysis a double
staining with CD68 is needed, but at present also not possible. These limitations in the
stainings for IRF5 and IL-10 may also explain why the total number of YM1-, IRF5- and
IL-10-positive cells is higher than the number of CD68-positive cells.
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Higher numbers of M2 macrophages were found in lungs of HDM-exposed mice,
which was in accordance with previous studies [19, 20, 28]. Interestingly, numbers of
M2 macrophages and the levels of YM1 in BALF correlated strongly with eosinophils
in BALF. YM1 is also known as eosinophil chemotactic factor (ECF-L) [29], but it was
suggested that YM1 only has weak chemotactic properties for eosinophils [24, 30].
The chemotactic strength of YM1 is still debated and our findings and those of others do suggest otherwise [23, 31]. The number of M2 macrophages also showed a
positive correlation with regulatory T cells. In an interesting study by Tiemessen et al.
regulatory T cells were shown to promote the induction of M2 macrophages to help
with trying to maintain tissue homeostasis and preventing too much tissue damage of
the inflammatory response [32]. Our data could be explained along these lines with
incoming regulatory T cells inducing M2 macrophages in an attempt to restrict inflammation and tissue damage induced by HDM. The M2 macrophages would then be
the result of inflammation and be beneficial instead of contributing to allergic airway
inflammation, which is still an ongoing debate [19, 33, 34].
Asthma is dominated by a Th2-driven inflammation, but evidence shows that M1 macrophages are also present in this disease. In two interesting studies, IFNγ-stimulated
macrophages were shown to prevent the onset of allergic airway inflammation [35,
36]. Our findings with higher numbers of M1 macrophages in the shorter protocols
and in less severe disease suggest that these macrophages are induced as a counterregulatory mechanism to dampen inflammation. However, higher numbers of M1
macrophages in asthma have also been shown in severe asthma and markers of M1
macrophages correlate with asthma severity, suggesting that M1 macrophages play a
role in severe asthma as well [37–39]. This appears not to be the case for our results
because we find higher numbers of M1 macrophages at the onset of allergic airway
inflammation when numbers of effector T cells are lower, and lower numbers of M1
macrophages in the 24-day HDM protocol when effector T-cell numbers are higher.
M1 macrophages appear to have a beneficial role preventing allergic sensitization, but
in already established disease they promote the development of a severe phenotype.
A similar double role has been reported for the M1 cytokine IL-12 in allergic airway
inflammation [40]. Since our HDM models are short and focus on the onset of the disease, we do not have information on the presence of M1 macrophages in established,
more severe disease.
Since M2-like macrophages have anti-inflammatory functions, we were interested in
the presence of this macrophage phenotype in HDM-induced asthma. Others have
reported that interstitial macrophages are the IL-10-producing macrophages and
treatment of sensitized mice with these macrophages prevented the development
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of allergic airway inflammation [41]. Our observation of lower numbers of M2-like
macrophages in asthma as compared to control is in line with these and previous findings in human asthmatics [42, 43]. Interestingly, it was shown that IL-10 production in
severe asthmatics is even lower as compared to moderate asthmatics and that treatment with corticosteroids induces IL-10 production by macrophages [43, 44]. This
suggests that specific stimulation of macrophages to polarize to M2-like macrophages
that produce IL-10 may reduce asthma symptoms.
Women suffer from more severe asthma than men and this phenomenon was also
found in mouse models of asthma [45, 46]. A role for sex hormones has been suggested, but the underlying mechanisms are unknown [47]. In accordance with the
previous findings, we show that HDM-exposed female mice had more pronounced
airway inflammation than male mice. In macrophage phenotypes, we only found difference in the M2 macrophages. Since we and others found a correlation between
M2 macrophages and asthma severity, it may suggest that this phenotype could play
a role in the increased airway inflammation in females [19].

Conclusion
Taken together, our data suggest that during the development of allergic airway
inflammation M1 and M2 macrophages are induced or recruited, whereas M2-like
macrophages are prevented from moving in or inhibited. As HDM-induced inflammation progresses, M1 macrophages are diminished in favor of M2 macrophages
possibly under the influence of regulatory T cells that try to restrict inflammation.
Their work may be hampered by the fact that IL-10-producing M2-like macrophages
do not develop in HDM-induced inflammation and the inflammation can progress.
Influencing this imbalanced relationship by therapeutic macrophage targeting could
be a novel way to treat asthma.
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Abstract
Chronic exposure to farm environments is a risk factor for nonallergic lung disease. In
contrast to allergic asthma, in which type 2 helper T cell (Th2) activation is dominant,
exposure to farm dust extracts (FDE) induces Th1/Th17 lung inflammation, associated
with neutrophil infiltration. Macrophage influx is a common feature of both types
of lung inflammation: allergic and nonallergic. However, macrophage functions and
phenotypes may vary according to their polarized state, which is dependent on the
cytokine environment. In this study, we aimed to characterize and quantify the lung
macrophage populations in two established murine models of allergic and nonallergic
lung inflammation by means of FACS and immunohistochemistry. We demonstrated
that, while in allergic asthma M2-dominant macrophages predominated in the lungs,
in nonallergic inflammation M1-dominant macrophages were more prevalent. This
was confirmed in vitro using a macrophage cell line, where FDE exerted a direct effect
on macrophages, inducing M1-dominant polarization. The polarization of macrophages diverged depending on the exposure and inflammatory status of the tissue.
Interfering with this polarization could be a target for treatment of different types of
lung inflammation.
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Introduction
Exposure to farm environments can induce respiratory diseases such as nonallergic
asthma, chronic bronchitis and chronic obstructive respiratory disease (COPD) (5).
We and others have shown that exposure to farm dust extract (FDE) induces a marked
nonallergic type of lung inflammation with infiltration of neutrophils, macrophages,
as well as T helper type 1 (Th1) and Th17 cells into mice lungs (22, 25). Allergic asthma
is typically a Th2-type disease characterized by the presence of Th2 cells, eosinophils,
macrophages and cytokines such as interleukin (IL)-4, IL-5 and IL-13 (30). Interestingly,
a common feature of both allergic and nonallergic asthma is the increased numbers of
macrophages in the lungs.
Lung macrophages are important innate immune cells, which play critical roles in
lung homeostasis, host defense against pathogens and resolution of inflammation.
These diverse functions of macrophages are achieved by the plasticity of these cells,
which, depending on signals present in their microenvironment, can polarize into a
plethora of different phenotypes (14, 28). Cytokines such as Interferon (IFN)γ and
tumor necrosis factor (TNF)α, or bacterial products, such as lipopolysaccharide (LPS)
induce polarization into pro-inflammatory macrophages through the transcription
factor interferon-regulatory factor 5 (IRF5). These macrophages, loosely called M1dominant, release proinflammatory cytokines IL-12, IL-1β and TNFα and are important
in host defense against intracellular pathogens (9, 14).
Macrophages induced by the pro-allergic asthma cytokines IL-4 and IL-13, also known
as M2-dominant macrophages, are important in wound healing and host defense
against helminth infections and are characterized by upregulation of the mannose
receptor (CD206) and, in mice, production of the chitinase-like protein YM1. Antiinflammatory macrophages are induced by compounds and mediators like corticosteroids, IL-10 or prostaglandin 2 (PGE2). These anti-inflammatory macrophages are also
characterized by upregulation of CD206, but produce the anti-inflammatory cytokine
IL-10 (1).
We and others have shown that asthmatics (12) and mice with allergic airway inflammation have higher numbers of M2-dominant macrophages and their products
in lung tissue (7, 11, 12, 15), serum and bronchoalveolar lavage (3) as compared to
controls. In addition, numbers of this macrophage phenotype have been associated
with disease severity both in mice and humans (4, 12) and these macrophages may
contribute to the development of allergic airway inflammation (6, 10, 11, 13).
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In mice exposed to FDE, we and others noticed higher numbers of macrophages in
lung tissue (19, 25). However, the phenotype of these macrophages has not been
investigated yet. In this study we therefore compared macrophage phenotypes in
allergic and nonallergic lung inflammation and used a macrophage cell line to investigate the direct effect of FDE exposure on macrophage polarization.

Material and methods
Farm dust extract (FDE)
Settled dust samples (n=30) were collected from ridges in multiple cattle farms. Dust
was pooled and FDE was prepared as described previously (25). Briefly, aliquots of
~2.5 gram pooled dust were mixed with 12.5 gram glass beads and sterile water was
added to a volume of 50 ml in a Greiner tube, mixed for 5 min on an end-over-end
roller at room temperature and subsequently sonicated for 5 min in an ultrasonic bath
with crushed ice. Afterwards, aliquots were pooled in a glass Erlenmeyer and sterile
water was added to a final concentration of 10 mg dust per ml, and sodium chloride
solution was added till a final concentration of 0.9%. Erlenmeyers were shaken for
6 hours at room temperature. Then samples were centrifuged at 20.000g/4°C/45
min and after centrifugation the dust extract was dialyzed (MWCO 3500) against DIdistilled water, sterilized through filtration through a 0.22 um filter and lyophilized.
Endotoxin concentration of FDE was assessed using the limulus amebocyte lysate assay (Lonza, Verviers, Belgium) as described previously (25). One mg/ml FDE contained
9941 endotoxin units (EU)/mg.

Animals
Specific pathogen free female BALB/c mice (aged 6-8 weeks, Harlan, Horst, The Netherlands) were housed in groups of 6-8 mice each and had access to standard food and
water ad libitum. An established model for intranasal instillation of FDE or house dust
mite (HDM, whole bodies from Dermatophagoides pteronyssinus, Greer Laboratories,
Lenoir, USA) was used (25). Briefly, mice were anesthetized with isoflurane and intranasally exposed to FDE (1 mg/ml in PBS, 50 μl/day), HDM (40 μg/day in 50 μl PBS)
or sterile PBS (50 μl/day) as a control, four times per week, during six consecutive
weeks. All animal protocols were approved by the Institutional Animal Care and Use
Committee of the University of Groningen (Permit Number: 6615A) and procedures
were performed under strict governmental and international guidelines.
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Tissue collection
After 6 weeks of exposure to either HDM or FDE, mice were anaesthetized and sacrificed by cardiac exsanguination. From 8 mice per group, the left lung lobe was snap
frozen and kept in -80°C until preparation of lung homogenates for cytokine analysis.
Right lung lobes were carefully inflated with 0.9 ml 50% Tissue Tek, O.C.T. (SaKura,
Alphen aan den Rijn, The Netherlands) in PBS, and three of the four lobes were snap
frozen and stored at -80°C until use, while the smallest right lung lobe was formalinfixed and embedded in paraffin. From 6 mice per group, lungs were removed and kept
in cold PBS for lung cell isolation.
Lung homogenates
Snap frozen lung tissue was mechanically homogenized (50% w/v) in 50 mM Tris-HCl
buffer, containing 150 mM NaCl, 0.002% Tween-20 (pH 7.5) and a protease inhibitor
(Sigma Aldrich, Zwijndrecht, The Netherlands). Homogenates were centrifuged at
12000xg for 10 minutes to remove any insoluble material. Supernatants were subsequently stored at -80°C until further analysis.

Lung cell isolation
Lungs were minced and incubated for 45 min at 37°C in RPMI medium supplemented
with 10% fetal calf serum (both Lonza, Verviers, Belgium), 10 μg/ml DNAse I (grade
II from bovine pancreas, Roche Applied Science, Almere, Netherlands), and 0.7 mg/
ml collagenase A (Sigma-Aldrich) in a shaking water bath. After that, the digested
lung tissue was passed through a 70 μm nylon strainer (BD Biosciences, Breda, Netherlands) to obtain single cell suspensions. To lyze contaminating erythrocytes, cell
suspensions were incubated with 10 times diluted Pharmlyse (BD Biosciences). Cells
were centrifuged through 70 μm strainer caps and counted using a pocH-100i hematology analyzer (Sysmex, Mundelein, USA), before they were used for flow cytometry.

Flow cytometric analysis
Single lung cell suspensions were stained for macrophage subsets using the following
directly labeled antibodies: APC/Cy7-conjugated anti-CD11c (Biolegend, Fell, Germany), Percp/Cy5.5-conjugated anti-CD11b (Biolegend), PE-conjugated anti-CD206
(Biolegend), A700-conjugated anti-MHC class II (Biolegend), Pacific Blue-conjugated
anti-F4/80 (Biolegend), Alexa Fluor647-conjugated anti-ICAMI (Biolegend).
Approximately 106 cells were incubated with the antibody mix including 1% normal
mouse serum for 30 minutes on ice, protected from light. After washing the cells
with PBS supplemented with 2% FCS and 5 mM EDTA (PFE), cells were incubated with
FACS lysing solution (BD Biosciences) for 30 minutes on ice. After that, cells were
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washed once with PFE, and resuspended in PFE and kept in the dark on ice until flow
cytometric analysis. The fluorescent staining of the cells was measured on a LSR-II
flow cytometer (BD Biosciences) and data were analyzed using FlowJo Software (Tree
Star, Ashland, USA).

Cytokine analysis
Concentrations of cytokines were measured in lung homogenates by multiplex ELISA
system (Affimetrix, High Wycombe, UK). Cytokines measured: IL-1β (lower limit of
detection-LLD= 0.16 pg/ml), IL-4 (LLD= 0.11 pg/ml), IL-5 (LLD= 0.22 pg/ml), IL-10 (LLD=
0.75 pg/ml), IL12p70 (LLD=0.13pg/ml), IL-13 (LLD= 0.23pg/ml), IL-17A (LLD=0.08 pg/
ml), TNFα (LLD=0.12 pg/ml) and IFNγ (LLD- 0.1pg/ml). YM1 (LLD= 60.1 pg/ml) was
measured in lung homogenate by standard ELISA (R&D Systems, Oxon, UK).

Histology
Sections (3 µm) of formalin-fixed and paraffin-embedded lung tissue were stained
for different macrophage subsets using a general macrophage marker, Mac3 (rat
anti-Mac3, BD Biosciences), in combination with phenotype-specific markers using
standard immunohistochemical procedures. To visualize Mac3, an immuno alkaline
phosphatase procedure was used with Fast Blue BB salt (Sigma Aldrich) as chromogen. Numbers of M1-dominant macrophages were determined by double staining
of Mac3 and IRF-5 (rabbit anti-IRF-5, Proteintech Europe, Manchester, UK) , M2dominant macrophages were determined by double staining of Mac3 and YM1 (goat
anti-mECF-L, R&D Systems), and anti-inflammatory macrophages were identified
by double staining of Mac3 and IL-10 (rabbit anti-IL-10, Hylcult Biotech, Uden, The
Netherlands). IRF-5, YM1 and IL-10 were visualized with 3-amino-9-ethylcarbazole
(AEC, Sigma Aldrich) as chromogen. Double-positive cells were counted manually in
parenchymal lung tissue and numbers were corrected for the total area of lung tissue section as assessed by morphometric analysis using Aperio ImageScope viewing
software 11.2.0.780 (Aperio, Vista, USA).

RAW cells culture
RAW 264.7 macrophages (EACC, Salisbury, UK) were cultured in DMEM (Invitrogen,
Gaithersburg, USA) enriched with 10% fetal calf serum, 10 μg/ml Gentamycin (Invitrogen,) and 2mM L-Glutamine (Invitrogen). Cultures were split 1:4-1:8 twice a week,
with careful scraping in their old medium. Then, they were transferred to a new T75
culturing flask (Corning, New York, USA), with new medium.
RAW 264.7 macrophages in passage 9-12 were cultured in 12 well plates using DMEM
(Invitrogen) enriched with 10% fetal calf serum, 10μg/ml Gentamycin (Invitrogen)
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and 2mM L-Glutamine (Invitrogen). Macrophages were stimulated, using either IFNγ
(10ng/ml; PeproTech, Rocky Hill, NJ), IL-13 (10ng/ml; PeproTech), PGE2 (5μM; PeproTech), or FDE at the concentrations of 1μg/ml, 50μg/ml and 100μg/ml for 48 hours.
After stimulation, cells were collected for the flow cytometry analysis. Cells were
incubated with a 4 mg/ml Lidocaine, 10 mM EDTA and 10% fetal calf serum in
phosphate-buffered saline solution (pH7.3) for 15 minutes. They were detached by
vigorous pipetting, and transferred into 1,5 ml tubes. Cells were washed 3 times with
PFE before they were used for flow cytometry.

Flow cytometric analysis of RAW cells
Membrane staining was performed using APC/Cγ7-conjugated anti-MHC class II
antibody (Biolegend, San Diego, USA) and AlexaFluor 647-conjugated anti-CD206
antibody (Biolegend) with a 30-minute incubation in the dark, on ice. After washing for 3 times using cold PFE, cells were fixed and permeabilized for 30 minutes in
cold Fix/Perm buffer (BD Biosciences) and then washed with cold permeabilization
buffer (BD Biosciences). After that, cells were incubated for 30 minutes in the dark
with PE-conjugated anti-IL-10 antibody (eBioscience, Vienna, Austria) for intracellular
staining. After the incubation, cells were washed twice in permeabilization buffer and
then were resuspended in PFE. An appropriate isotype control was used for the IL-10
staining (rat IgG2bκ-PE, eBiosciences).
Analysis was performed using a BD FACSArray cytometer (BD Biosciences) and data
was analyzed using FlowJo software (Tree Star Inc., Ashland, USA). Mean fluorescence
intensity (MFI) was used to evaluate the expression of the different markers.

Microscopy of RAW cells
Cell cultures were photographed before each flow cytometric analysis, to observe
changes in morphology that could be related to changes in the milieu.
Pictures of the cells were made using an Olympus IX50 microscope (Olympus, Tokyo,
Japan). Images were manually focused around the middle point between the center
of the well and the border of it. The brightness, contrast and the color saturation
settings were automatically calibrated by the capture program CellA (Olympus, Tokyo,
Japan), which was also used to obtain the images.

Statistical methods
Nonparametric Kruskal-Wallis test was used to assess whether differences between
groups existed, and when p<0.05, Mann–Whitney U-test was performed to assess
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differences between subgroups. All analyses were performed using GraphPad Prism
5.0, and differences were considered statistically significant at two-sided p-values less
than 0.05. P<0.10 was considered a statistical trend.

Results
HDM and FDE induce differential types of activated CD11c+/ CD11b+ alveolar
macrophages in the lungs
To identify macrophage phenotypes, 6-color FACS analysis was performed. Macrophages were first identified based on autofluorescence and F4/80 expression. Total
numbers of macrophages were higher in mice exposed to HDM as compared to PBSexposed mice, and this number was even higher in FDE-exposed mice (figure 1A).
Alveolar macrophage numbers, identified by high auto fluorescence and CD11c expression were also higher in HDM-exposed mice in comparison to PBS-exposed mice,
and even further increased in FDE-exposed mice (figure 1B). Alveolar macrophages
are known to lack expression of the adhesion molecule CD11b, except when they are
activated or represent recruited macrophages (8). Activated alveolar macrophages,
defined as CD11c+CD11b+ were previously shown to be increased after repetitive
organic dust exposure (19). Within the CD11c+ positive population, we found that
numbers of cells expressing CD11b were higher in HDM-exposed mice than in control
mice and even higher in FDE-exposed mice.
To determine the type of tissue signals these activated alveolar macrophages have
seen in each type of inflammation, we analyzed the expression of intracellular adhesion molecule 1 (ICAM-1), a marker of M1-dominant macrophages (8) and CD206
(mannose receptor), a marker of M2-dominant macrophages (26). HDM exposure
induced higher expression of CD206 in CD11c+CD11b+ cells, while both HDM and
FDE induced ICAM-1 expression in these cells, as compared to control mice. Of note,
FDE exposure induced higher expression of ICAM-1 than HDM exposure but did not
induce CD206 expression (figure 1D and E). These results demonstrate that although
numbers of total macrophages, alveolar macrophages and activated alveolar macrophages are increased in different types of lung inflammation, the phenotype, and
thus the function of the macrophages may be different depending on the type of
inflammation.
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Figure 1. HDM and FDE induce different phenotypes of activated CD11c+/ CD11b+ macrophages in the lungs.
Mice were exposed to PBS, HDM or FDE, four times/week for 6 consecutive weeks and lung cells were isolated, stained for FACS analysis. Scatter dot plots showing median and distribution of (A) numbers of F4-80+/
autoflu+ macrophages, (B) numbers of CD11c+ cells within macrophage population, (C) numbers of CD11b+
cells within the CD11c+ population. Mean fluorescence intensity (MFI) of surface markers (D) ICAM-1 and (E)
CD206 on gated CD11c+CD11b+ cells are shown.

Predominant macrophage phenotypes vary according to the type of
inflammation
To further study the presence of the different macrophage phenotypes in lung tissue
after HDM and FDE exposure, lung sections were stained for macrophages with a
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general macrophage marker (Mac3) in combination with more specific markers for
macrophage subsets. M1-dominant macrophages were identified as IRF-5+Mac3+
cells, M2-dominant macrophages were identified as YM1+Mac3+ cells and antiinflammatory macrophages were characterized as IL-10+Mac3+ cells. Interestingly,
although HDM-exposed mice had more M1-dominant macrophages in the lungs than
PBS-exposed mice, FDE-exposed mice had the highest numbers of M1-dominant
macrophages of all groups (figure 2A). In contrast, M2-dominant macrophage
numbers were the highest in lungs of mice exposed to HDM, whereas FDE-exposed
mice still had more M2-dominant macrophages than PBS control mice (figure 2B).
Anti-inflammatory macrophage numbers were significantly lower in lungs from both
HDM- and FDE-exposed mice, as compared to PBS-exposed mice (figure 2C).
Furthermore, cytokines were measured in lung homogenates and we found that levels
of the M1-related cytokines TNFα and IL-1β were higher in lung tissue of FDE-exposed
mice than in PBS- and HDM-exposed mice (figure 3A and B). YM1 levels were increased
in HDM-exposed mice as compared to PBS and FDE-exposed mice (figure 3C). IL-10
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levels were increased in both HDM- and FDE-exposed mice as compared to control
mice (figure 3D), suggesting that the main source of IL-10 in these mice lungs is not
macrophages.
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To confirm that the HDM and FDE models have induced Th2 and Th17 lung inflammation, Th2 cytokines and IL-17 were also measured in lung tissue. Levels of IL-4, IL-5
and IL-13 were significantly higher in HDM-exposed mice as compared to PBS- and
FDE-exposed mice. IL-17A levels were the highest in FDE-exposed mice as compared
to both HDM- and controls. HDM also had more IL-17A than PBS mice. Since it has
been shown that FDE exposure can induce Th1 cytokines in mouse lungs (18), levels
of IL-12p70 and IFNγ were also measured. Levels of IL-12p70 were higher in HDMexposed mice as compared to PBS-exposed mice. With respect to IFNγ, similar levels
were found in the different groups (table 1).
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Table 1: Th1, Th2 and Th17 cytokines in lung tissue
PBS

HDM

FDE

IL-12p70

0.44 (0.13-0.67)

0.92 (0.40-1.84)*

0.46 (0.33-0.98)

IFNγ

1.75 (0.69-4.37)

2.52 (0.77-11.30)

1.55 (0.93-4.92)

IL-4

0.15 (0.12-0.28)

22.34 (7.21-51.07)***

2.56 (1.58-5.44)**###

IL-5

0.48 (0.28-1.39)

32.30 (7.17-122.20)***

1.47 (0.84-3.47)*###

IL-13

0.24 (0.11-5.07)

18.85 (8.66-82.69)***

2.23 (0.71-3.37)*###

0.81 (0.35-3.45)

8.72 (1.67-23.49)***

47.14 (12.60119.90)***###

Th1 cytokines

Th2 cytokines

Th17 cytokine
IL-17A

Values are medians, pg/g tissue (range)
Subgroup analysis: HDM vs PBS or FDE vs PBS groups= *p<0.05; **p<0.01; ***p<0.001
HDM vs FDE groups= #p<0.05; ##p<0.01; ###p<0.001

Macrophages polarize into M1-dominant, M2-dominant or anti-inflammatory
subsets depending on the in vitro cytokine stimulation
To evaluate the polarization of macrophages in vitro, RAW cells were incubated for
48 hours with IFNγ, IL-13 and PGE2 to induce M1-dominant, M2-dominant and antiinflammatory phenotypes respectively. Polarization of macrophages into the different
phenotypes was assessed by flow cytometric analysis of MHC class II (M1-dominant),
CD206 (M2-dominant) and IL-10 (anti-inflammatory). IFNγ stimulation induced MHC
class II expression (trend p= 0.0571, figure 4A), while IL-13 and PGE2 stimulation
induced CD206 expression (figure 4B) and IL-10 expression (figure 4C).

Farm dust induces M1-dominant, but not M2-dominant or anti-inflammatory
macrophages in vitro
RAW cells were stimulated with FDE in concentrations of 1 μg/ml, 50 μg/ml and 100
μg/ml to investigate the direct effect of FDE exposure on macrophage polarization.
FDE stimulation dose-dependently induced MHC class II expression, whereas CD206
or IL-10 expressions were not induced (figure 5A, B and C).

Discussion
This study demonstrates that in response to different types of exposures, different
types of macrophages are present in the lungs, and that the predominant phenotype
varies according to the type of inflammation. In our FDE model of nonallergic lung
inflammation, the M1-dominant phenotype predominates, while in the HDM model
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Figure 4. Macrophages polarize into M1-dominant, M2-dominant and anti-inflammatory macrophages in response to IFNγ, IL-13 and PGE2 stimulations, respectively. Bar graphs of mean fluorescence intensity (MFI) of
A) MHC II (M1-dominant), B) CD206 (M2-dominant) and C) IL-10 (anti-inflammatory) of RAW cells stimulated
with IFNγ, IL-13 or PGE2 for 48 hours. Each bar displays the mean and SD of 4 independent experiments. Representative pictures of RAW cells are shown from control group, and IFNγ, IL-13 or PGE2 stimulated groups.
*p<0.05 compared to control.

of allergic inflammation M2-dominant macrophages are more prevalent. Furthermore, we showed that in vitro FDE exposure of RAW macrophages directly induced
M1-dominant polarization, while it did not induce M2-dominant or anti-inflammatory
macrophages.
Two established models of lung inflammation were used to study the relative distribution of macrophage phenotypes: one model of HDM-induced allergic lung inflammation and one FDE model of nonallergic lung inflammation. Allergic inflammation
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relates typically to a Th2-type response, with high numbers of eosinophils in the lungs,
high levels of serum IgE and Th2 cytokines. In contrast, FDE exposure was shown to
induce chronic infiltration of Th1/Th17/Tc17 cells and lung neutrophilia in the mouse
(18, 25). A common feature of both models is the presence of increased numbers of
macrophages in the lungs (4, 22). Here we show that, comparing both models, the
FDE model has larger numbers of total macrophages in the lungs, larger numbers of
CD11c+ macrophages, and larger numbers of activated CD11c+/CD11b+ macrophages
than is found in the HDM model. Of interest, when we focused on the phenotype of
these cells, we found that macrophages differ in phenotype depending on the type
of exposure and inflammation. Nonallergic inflammation was accompanied by higher

Figure 5. FDE induces M1-dominant, but not M2-dominant or anti-inflammatory macrophages. Bar graphs of
expression of A) MHC II, B) CD206 and C) IL-10 of RAW cells stimulated with IFNγ, IL-13, PGE2 or three different concentrations of FDE for 48 hours. Each bar displays the mean and SD of 4 independent experiments.
Representative pictures of RAW cells are shown from FDE and IFNγ stimulations showing that FDE stimulation
induces morphologic changes similar to IFNγ. *p<0.05 compared to control.
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numbers of macrophages with the M1-dominant phenotype, while the M2-dominant
phenotype was relatively more present in allergic inflammation.
The distinctive macrophage populations in our study were identified using specific
markers for each subset. By means of flow cytometry, ICAM-1 expression was used
to identify M1-dominant macrophages (8) and CD206 expression to identify the
M2-dominant subset. Since the mannose receptor (CD206) is expressed by both
M2-dominant and anti-inflammatory macrophages, an additional marker is required
to identify both subsets. This was accomplished by immunohistochemistry, where
double stainings were performed for Mac3 (general macrophage marker) in combination with IRF5, YM1 or IL-10, to identify M1-dominant, M2-dominant and anti-inflammatory macrophages respectively. IRF5 has been shown to be a specific marker for
M1-dominant macrophages in vivo and in vitro (9, 27), inducing transcription of genes
encoding IL-12, IL-23 and suppressing the gene encoding IL-10 in diverse disease settings. YM1 is a unique marker for M2-dominant macrophages in the lung (4, 23). To
identify anti-inflammatory macrophages, also known as regulatory macrophages, we
chose to investigate the expression of the immunosuppressive cytokine IL-10, which is
the most important characteristic of this type of macrophages (14). Considering that
IL-10 can be produced by different cell types, the use of a double staining with Mac3
was pivotal to characterize anti-inflammatory macrophages.
We found increased numbers of IRF5-expressing macrophages after FDE exposure.
Since the transcription factor IRF5 has been shown to directly activate transcription of
IL-12 and IL-23 in macrophages and subsequently promote T cell differentiation of Th1
and Th17 lineages (9), it is tempting to speculate that M1-dominant macrophages are
involved in the initiation of the adaptive nonallergic immune response, as observed
in individuals occupationally exposed to farm environments and in our mouse model
of FDE exposure. On the other hand, a critical role of macrophages in downregulation
of inflammatory responses has been shown by Poole and coworkers, after prolonged
exposure to FDE from a swine facility. The authors showed that depletion of macrophages, before and during FDE exposure enhanced lung neutrophil infiltration (19) .
Although the different macrophages were not phenotyped in that study, induction of
M1-dominant cytokines TNFα and IL-6 by FDE was greatly diminished after macrophage depletion, suggesting presence of, in particular, M1-dominant macrophages in
the FDE model.
In HDM-exposed mice, higher numbers of M2-dominant macrophages and higher
levels of its chemokine YM1 were found as compared to control or FDE-exposed
mice, which is in agreement with previous studies (4, 11, 12). YM1 is also known
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as eosinophil chemotactic factor (ECF-L) and we have previously shown that YM1
levels in BALF strongly correlated with eosinophils in BALF (4). With respect to antiinflammatory macrophages, the highest numbers of these cells were found in control
mice, reproducing our previous findings (4). Strikingly, IL-10 levels were increased
in both HDM- and FDE-exposed mice as compared to control mice, suggesting that
the main source of IL-10 in these mice lungs is not macrophages. An obvious other
candidate for this would be regulatory T cells, which are known IL-10 producers (24).
We have previously shown increased numbers of regulatory T cells in HDM-exposed
mice (4). Other candidates for IL-10 production are B cells, which will be subject of
future studies in our models.
Our findings in the mouse were confirmed in vitro, as FDE exclusively induced M1dominant polarization, and suggest that FDE exposure in vivo exerts a direct effect on
macrophages, that may be independent of other cell types or mediators. This direct
effect occurs probably through activation of pattern recognition receptors (PRRs) on
macrophages by microbial components present in the FDE. LPS, a major component
of the cell wall of gram-negative bacteria is recognized by the PRR Toll-like receptor 4
(TLR4) and it is known to be present in FDE, as well as muramic acid, a peptidoglycan
(PGN) derived predominantly from gram-positive bacteria, which activates TLR2 and
Nucleotide oligomerization domain 2 (NOD2)(20, 21). Moreover, it has been shown
in monocyte-derived macrophages, that FDE exposure induces TNFα production (17),
which can induce M1-dominant polarization. In addition to TLR activation-induced
TNF transcription, some TLR ligands can activate Toll/IL-1 receptor domain-containingadaptor protein inducing IFNβ (TRIF)-dependent pathways, resulting in IFNβ production (29). This endogenously produced IFNβ can replace the IFNγ produced by NK cells
and T cells and induce M1-dominant polarization (14).
Conversely, M2-dominant macrophages are not directly polarized by HDM. Mouse
alveolar macrophages recovered from BALF and stimulated in vitro with Dermatophagoides farinae showed increase in TNFα, IL-6 and nitric oxide production, all
markers of M1-dominant polarization (2). This shows that M2-dominant polarization
is dependent of IL-4 and/or IL-13 produced by other cell types. Considering the diversity of macrophage functions, M1-dominant macrophages would be needed directly
after FDE exposure due to their enhanced phagocytosis and antigen presentation
capabilities to accomplish microbial clearance, while M2-dominant macrophages are
instructed at a later stage by the damaged tissue for repair purposes.
The role of M2-dominant macrophages in allergic asthma is still an ongoing debate,
but it is thought that these cells could contribute to disease through secretion of
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extracellular matrix components and attraction of eosinophils (6). Correlations between asthma severity and numbers of M2-dominant macrophages or their products
in lungs and serum of asthmatic patients (3, 12) and in mouse models (4) indicate
that these cells may actively contribute to disease. On the other hand, it has been
shown in mice with abrogated IL-4 receptor α signaling on macrophages, that the
M2-dominant phenotype is not necessary for allergic lung inflammation and may be
a consequence of an elevated Th2 response (16). The finding that anti-inflammatory
macrophages were found in lower numbers in HDM- and FDE-exposed mice as compared to control mice indicates that this phenotype is prevalent in homeostasis and
suggests that during inflammation polarization into other macrophage subsets occurs.
One could speculate that once microbial clearance is accomplished, a shift towards
anti-inflammatory phenotype takes place to achieve resolution of inflammation.
In conclusion, in both nonallergic and allergic models of lung inflammation high
numbers of CD11c+/CD11b+ macrophages are induced in the lungs. The polarization
status of these macrophages, however, is different depending on the environment,
which determines the different types of inflammation in each model. In the nonallergic phenotype, the M1-dominant subset predominates, which may contribute via
IRF5 to Th1-Th17 responses; while in allergic conditions, the M2-dominant phenotype
is more prevalent. This information may be important in the identification of new
targets for therapeutic interventions in which skewing of macrophage polarization
could be used as treatment for lung inflammation.
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Abstract
Differentially polarized macrophages play an in important role in sustaining lung
homeostasis. Maintaining the overall macrophage pool during allergic lung inflammation has been shown to be dependent on local proliferation rather than monocyte
recruitment. Since the emergence of the differentially polarized lung-resident macrophages (in asthma especially YM1+CD206+ M2 macrophages) has not been studied
yet, we aimed to investigate how proliferation, possible recruitment and phenotype
switching develop in time after initiation of house dust mite (HDM)-induced allergic
lung inflammation.
120 Balb/c mice (n=8 per group) received a sensitization dose of 100 μg HDM or
phosphate-buffered saline (PBS) on day 0 and were challenged with 10 μg HDM or
PBS on days 7-11. Before sensitization, PKH26 was intranasally administered to label
lung-resident macrophages. To label blood monocytes, mice were intraperitoneally
injected with 5-bromo-2’-deoxyridine 18 hours before each HDM/PBS exposure. Mice
were sacrificed 4 hours, 1 and 7 days after sensitization and 4 hours, 1, 4, 5 and 7
days after the first HDM challenge. FACS analysis was used to determine macrophage
subsets and monocytes in lung tissue.
24 hours after HDM sensitization, the number of alveolar macrophages (AM) significantly increased while the number of interstitial macrophages (IM) significantly
decreased compared to t=0. This suggests conversion of IM to AM as no infiltration
of monocytes is seen at this time point and cells were PKH26+. 4 hours after the first
HDM challenge significant infiltration of monocytes is seen, accompanied by a significant peak increase in IM numbers. During HDM challenges numbers of IM gradually
decrease again, while AM numbers increase as a result local proliferation, because a
similar increase was observed for PKH26+ AM, and possibly some IM-to-AM conversion. During HDM challenges the balance between polarization states shifted towards
high numbers of mostly alveolar YM1+CD206+ macrophages (formerly known as
M2), and to a lesser extent, alveolar MHCII-hi macrophages (formerly known as M1),
and very low numbers of mostly interstitial CD206+MHCII-lo macrophages (formerly
known as M2-like).
Local proliferation and possibly IM-to-AM conversion contribute to the emergence of
differentially polarized lung-resident macrophages during the development of allergic
lung inflammation. The increase of YM1+CD206+ (M2) macrophages during HDM
challenges may be, in addition to local proliferation, the result of phenotype switching
of CD206+MHCII-lo interstitial macrophages to YM1+CD206+ alveolar macrophages.
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Introduction
Macrophages play an in important role in maintaining lung homeostasis (1). Depending
on their localization, lung macrophages can be broadly divided into two populations:
alveolar and interstitial macrophages (2). Until recently, it was thought that resident
lung macrophages, with no distinction between alveolar and interstitial macrophages,
originate from circulating monocytes (3, 4). New evidence, however, shed light on
the origin of alveolar macrophages during homeostatic conditions. Alveolar macrophages have embryonic progenitors and are maintained throughout life through local
proliferation (5–7). These current findings do not necessarily exclude monocytes as
precursors for macrophages since whole-body-irradiation or depletion of lung macrophages followed by adoptive transfer of bone marrow or Gr1-lo monocytes showed
that lung macrophages can be replenished from the bone marrow during steady state
conditions (8, 9). The origin of interstitial macrophages remains to be determined.
In case of threats to the lung by allergens or microbes, inflammatory responses in the
lung can lead to recruitment of monocytes with a proinflammatory phenotype (10).
To maintain the lung-resident macrophage pool during inflammation, the macrophage
pool could be derived from these recruited monocytes. However, in the context of
allergic lung inflammation it has been shown that maintenance of the alveolar macrophage pool mostly depends on local proliferation of resident macrophages rather
than on recruitment of monocyte-derived macrophages (11). This study focused on
alveolar macrophages and the origins of interstitial macrophages were not specifically
studied. Evidence suggests that alveolar macrophages may originate from interstitial
macrophages (12).
Both interstitial and alveolar macrophages are known to have different polarization states to carry out appropriate defensive and homeostatic functions. Broadly
there are three polarization states varying from macrophages with high killing
capacity (IRF-5+MHC-IIhi macrophages), to wound healing-promoting macrophages
(YM1+CD206+ macrophages) and macrophages with anti-inflammatory activities
(IL-10+CD206+MHCII-lo macrophages) (13, 14). We showed that mice with allergic
lung inflammation have higher numbers of both IRF-5+MHCII-hi and YM1+CD206+
macrophages than healthy controls, and less IL-10+ macrophages (15, 16). It is currently unknown how these different subsets develop in the lung during allergic lung
inflammation. In a helminth infection model, it was observed that rapid proliferation of
YM1+CD206+ macrophages occurred independently of recruitment from blood (17).
This could also be the case in allergic lung inflammation, but phenotype switching
might also contribute to the maintenance of the macrophage pool, i.e. switching of
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IL-10+ to IRF-5+MHCII-hi and/or YM1+CD206+ macrophages, during different phases
of allergic lung inflammation (18, 19).
In this study, we used a mouse model of house dust mite (HDM)-induced allergic lung
inflammation to study the kinetics of monocytes and lung-resident macrophages after
allergen exposure. We confirmed the findings of previous studies showing that maintenance of the lung macrophage pool during early inflammation is mostly dependent
on local proliferation rather than on recruitment of circulating monocytes (11). Since
the emergence of the differentially polarized subsets of lung-resident macrophages
has not been studied yet, we aimed to further investigate how proliferation, possible
recruitment and phenotype switching develop in time during the development of
allergic lung inflammation.

Materials and methods
Animals
Male and female wild-type (BALB/cOlaHsd) mice aged 6-8 weeks were purchased
from Harlan (Horst, The Netherlands). The mice were housed in groups of 4 and had
ad libitum access to water and food. The Institutional Animal Care and Use Committee of the University of Groningen approved these experiments (application number
6272G), which were performed under strict governmental and international guidelines.

House dust mite (HDM) protocol
Mice (4 males and 4 females per group) were exposed intranasally to whole body HDM
extract (Dermatophagoides pteronyssinus, Greer laboratories, Lenoir, USA) according
to a 14-day model (15). Briefly, mice were anesthetized with isoflurane and received
a sensitization dose of 100 μg HDM in 40 μl PBS on day 0 and were challenged with
10 μg HDM in 40 μl on day 7-11 to induce allergic lung inflammation. Mice exposed
to 40 μl PBS according to the HDM schedule served as healthy controls. On the day of
sacrifice, both blood and the right lung were collected for flow cytometry and the left
lung was collected for histology.

In vivo labeling of macrophages and monocytes
The PKH26 red fluorescent cell linker kit for phagocytic cell labeling (Sigma-Aldrich,
Zwijndrecht, The Netherlands) was used to label macrophages in the lung. PKH26 was
prepared according to the manufacturer’s instructions. 75 μl of 13 μM PKH26 was
intranasally administered to mice that were under isoflurane anesthesia.
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To label blood monocytes, mice were intra peritoneally (i.p.) injected with 200 μl of 2
mg 5-bromo-2’-deoxyridine (BrdU) (Sigma) 18 hours before each HDM/PBS exposure.

Experimental design
The experimental design of study is depicted in figure 1. A total of 120 mice were
included in this study. Each group was sacrificed at a specific time point within the
14-day HDM model. Group 0 (baseline) was sacrificed 18 hours after in vivo labeling
with PKH26 and BrdU. At this point, all other groups received the sensitization dose
of 100 μg HDM or PBS (healthy controls). Three groups were sacrificed 4 hours, 1 and
7 days after administering 100 μg HDM or PBS (healthy controls). 18 hours before administering 10 μg HDM or PBS on day 7, the remaining mice received an i.p. injection
with BrdU. Two more groups were sacrificed 4 hours and 1 day after administering the
first 10 μg HDM dose or PBS (healthy controls). There were no healthy control groups
included at this time point. On day 7-11 the remaining mice received a BrdU injection 18 hours before each HDM/PBS administration. These last groups of mice were
sacrificed 4 hours, 1 and 3 days after the last HDM/PBS administration respectively.
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Figure 1. Experimental design of the study.
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Lung digestion
The right lung lobe was minced and incubated in RPMI 1640 medium (Lonza, Verviers,
Belgium) supplemented with 10% fetal calf serum (Lonza), 0.7 mg/ml collagenase A
(Roche Applied Science, Almere, Netherlands) and 10 μg/ml DNAse I (grade II from
bovine pancreas, Roche Applied Science) for 45 min at 37°C in a shaking water bath.
After digestion, the lung tissue was passed through a 70-μm nylon strainer (BD Biosciences, Breda, Netherlands) to obtain single cell suspensions. A 2-minute incubation
with 10 times diluted Red Blood Cell lysis buffer (Biolegend, Fell, Germany) was performed to lyse contaminating erythrocytes, followed by centrifugation through 70-μm
strainer caps. Cells were counted using a BD FACS array (BD Biosciences) and were
ready for flow cytometry staining.

Flow cytometric analysis
Single lung cell suspensions were stained for macrophages, dendritic cells, eosinophils, neutrophils, and monocytes using a mix of antibodies for flow cytometry. The
same antibody mix was used to stain the blood for monocyte subsets.
Live cells were selected by no staining for live/dead dye eFluor 506 (BD Biosciences).
For the lung cells, frequencies of all macrophages (CD64+CD68+), all alveolar macrophages (CD64+CD68+CD11c+), all interstitial macrophages (CD64+CD68+CD11c-), labeled
lung-resident macrophages (CD64+CD68+PKH26+), labeled tissue resident YM1+ macrophages (CD64+CD68+YM1+PKH26+), labeled lung-resident MHCII-hi macrophages
(CD64+CD68+MHCII+YM1-PKH26+), labeled lung-resident CD206+MHCII-lo macrophages
(CD64+CD68+MHCII-CD206+YM1-PKH26+), neutrophils (CD64-CD68-GR1+), eosinophils
(CD64-CD68-CD11b+MHC-II-), dendritic cells (CD64-CD68-CD11c+CD11bvarMHCIIvar),
Ly6C-high (Ly6Chi) monocytes (CD64-CD68-CD11c-CD11b+Ly6Chi+) and Ly6C-low
(Ly6Clo) monocytes (CD64-CD68-CD11c-CD11b+Ly6Chi-) were examined by using
anti-CD64-PE/Cy/7 (Biolegend), anti-CD68-PerCPcy5.5 (Biolegend), anti-biotinylatedYM-1 (R&D Systems), anti-MHC class II-APC/Cy7 (Biolegend), anti-CD206-Alexa
Fluor 647 (Biolegend), anti-GR1-Alexa Fluor 700 (Biolegend), anti-CD11c-Brilliant
Violet 785 (BD), anti-CD11b-Brilliant Violet 570 (BD), and anti-Ly6C-Alexa Fluor 488
(Biolegend). In blood, frequencies of monocytes (CD64-CD68-CD11c-CD11b+), Ly6Chi
monocytes (CD64-CD68-CD11c-CD11b+Ly6Chi+) and Ly6Clo monocytes (CD64-CD68CD11c-CD11b+Ly6Chi-) were examined. Cells were first stained for extracellular surface
markers and then permeabilized for intracellular CD68, YM-1 and BrdU staining (antiBrdU-eFluor 450; BD).
Approximately 1x106 lung cells were incubated with the appropriate extracellular
antibody mix including 1% normal mouse serum for 30 minutes on ice in the dark. The
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blood was first 1:1 diluted in room temperature PBS, centrifuged and then incubated
with the extracellular antibody mix at room temperature. After subsequent washing
of the cells with PBS supplemented with 2% FCS and 5 mM EDTA (PFE), cells were incubated with the live/dead dye for 30 minutes on ice (lung cells) and RT (blood). After
that, cells were washed twice with PFE, and the blood cells were incubated for 30
minutes at room temperature in freshly prepared FACS lysing buffer (eBioscience) and
then washed twice with permeabilization buffer. Then all lung cells and white blood
cells were incubated for 15 minutes with fixation and permeabilization buffer (eBioscience) at RT, and then washed twice with permeabilization buffer. Subsequently, all
cells were incubated with 0.3 mg/mL DNAse I (Roche) for 1 hour at 37 °C in the dark
and afterwards washed with permeabilization buffer. Cells were then incubated with
the intracellular antibody mix including 1% normal mouse serum for 30 minutes on
ice in the dark followed by a 30-minute incubation with streptavidin-Brilliant Ultra
Violet 395 on ice. Afterwards cells were washed twice with permeabilization buffer
and resuspended in PFE and kept in the dark on ice until flow cytometric analysis. The
fluorescent staining was measured on a LSR-II flow cytometer (BD Biosciences) and
data were analyzed using FlowJo Software (Tree Star, Ashland, USA). Examples or our
gating strategies can be found in supplemental figures I and II.

Statistical Analysis
Data are represented as mean ± standard error of the mean. To determine the
normality of the data the D’Agostino-Pearson omnibus test was used. Data were logtransformed when not normally distributed. Differences between groups were tested
using a Students’ t-test. P-values <0.05 were considered to be statistically significant.

Results
HDM exposure induces allergic lung inflammation
To investigate the degree of allergic lung inflammation induced by exposure to HDM,
we studied numbers of eosinophils, neutrophils and dendritic cells in both males and
females during the course of our model.
During the 14-day protocol, in total, higher numbers of eosinophils in lung tissue
were found in HDM-exposed mice than in PBS-exposed mice (figure 2A). Infiltration
of eosinophils into lung tissue was not apparent four hours and one and seven days
after HDM sensitization but started later and was first seen four hours after the last
HDM challenge dose and maintained until three days after this last challenge. BrdU
incorporation was not observed in eosinophils (data not shown). When comparing
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different from the kinetics of eosinophils. Neutrophil infiltration was already seen one
day after the sensitization dose of HDM and was maintained throughout the HDM
challenges in week two. No BrdU was detected in neutrophils (data not shown). No
differences were observed in the numbers of neutrophils in lung tissue when comparing HDM-exposed males and females (data in supplement IIIB).

Dendritic cell numbers in lung tissue were not significantly affected by HDM exposure during the total 14 days of the model. No differences were seen during the first
week after HDM sensitization between HDM and PBS-exposed animals. In the second
week, after the first exposure to the HDM challenges, their numbers first significantly
dropped below the PBS-controls and then increased as compared to the control
mice to become significantly higher than the PBS-controls after the last of the HDM
challenges on day 11 (figure 2C). On average, 10% BrdU incorporation was found in
dendritic cells (data not shown). Comparing HDM-exposed males and females, we
found higher numbers of dendritic cells 24 hours after HDM sensitization in female
lungs than in male lungs (data in supplement IIIC).
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Characterization of alveolar and interstitial macrophages
Populations of alveolar and interstitial macrophages were studied for the expression of different markers. Division was first based on CD11c expression. Alveolar
macrophages had higher expression of CD11c, CD64, CD68, MHCII and YM1 in both
healthy and HDM-exposed mice than interstitial macrophages (figure 3). Alveolar
macrophages were also more autofluorescent and were found to be higher in forward
and side scatter (FSC and SSC). There were no clear differences found in CD206 and
CD11b expression. Immunohistochemical stainings of CD68 and YM1 showed higher
expression of these markers in alveolar macrophages as compared to interstitial
macrophages (figure 3).

Less interstitial macrophages, but more alveolar macrophages during
induction of allergic lung inflammation
During the 14 days of the model, HDM-exposed mice had higher numbers of total
macrophages in their lungs than PBS-exposed mice, caused by a transient increase in
the second week after the first of the HDM challenges (figure 4A). The number of total
PKH26-labeled macrophages followed the same pattern, but was not significantly
higher in HDM-exposed mice as compared to control mice (figure 4B). No significant
differences were found between HDM-exposed males and females (data in supplement IVA).
Next, we investigated whether the presence of interstitial and alveolar macrophages
was affected during induction of allergic lung inflammation. During the total 14 days,
HDM-exposed mice had higher numbers of alveolar macrophages in their lungs than
PBS-exposed mice mainly caused by an increase in the second week after the first of
the HDM challenges (figure 4C). In addition, a small but significant increase in alveolar
macrophage number was seen 24 hours after sensitization as compared to baseline
numbers. A similar pattern was found for PKH26+ alveolar macrophages (figure 4D).
In general, no differences between HDM-exposed males and HDM-exposed females
were found (data in supplement IVB).
During the 14-day model, interstitial macrophage numbers in lung tissue were not
significantly affected by HDM exposure as compared to PBS exposure, but their numbers showed an interesting pattern. One day after the sensitization dose we found
significantly less interstitial macrophage in lungs of HDM-exposed mice as compared
to baseline numbers, which returned to baseline again before the challenges started. In
the second week, after the first HDM challenge, their numbers first strongly increased
and then dropped again below the controls to become significantly different at 4 and 24
hours after the last HDM challenge (figure 4E). A similar pattern was shown for PKH26+
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interstitial macrophages (figure 4F). On average, 2% BrdU incorporation was found in
both alveolar and interstitial macrophages (data not shown). No significant differences
were found between HDM-exposed males and females (data in supplement IVC).
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Figure 3. Histograms of forward scatter (FSC), side scatter (SSC), autofluorescence and marker expression
in alveolar and interstitial macrophages of both PBS- and HDM exposed mice. Expressions of CD64, CD11c,
CD11b, CD206, MHCII, CD68 and YM1 are shown. Immunohistochemical stainings of CD68 (left) and YM1
(right) of PBS- and HDM-exposed mice that indicate alveolar in red and interstitial macrophages in blue (magnification 200x). Positive cells are stained red.
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Macrophage phenotypes are affected during induction of allergic lung
inflammation
To study how macrophage polarization is affected by the induction of allergic lung
inflammation, we labeled lung-resident macrophages with PKH26 to assess local
proliferation and to identify their phenotypes.
The percentage of MHCII-hi macrophages (of total macrophages) in lung tissue of
HDM-exposed mice was significantly higher as compared to PBS-controls (figure 5A).
No differences in MHCII-hi macrophages were found after sensitization with HDM and
PBS. After the HDM challenges in week two, the percentage of MHCII-hi macrophages
significantly increased as compared to PBS challenges. A similar pattern was found
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Figure 4. Total number of macrophages (A), PKH26+ macrophages (B), alveolar macrophages (C), alveolar
PKH26+ macrophages (D), interstitial macrophages (E), interstitial PKH26+ macrophages (F) in lungs of HDMexposed and PBS-exposed mice at different time points of the 14-day HDM model. Numbers are shown at
baseline (before HDM/PBS), 4 and 24 hours after sensitization, 7 days after sensitization, 4 and 24 hours
after the first challenge, 4 and 24 hours after the last challenge, and 3 days after the last challenge. *p<0.05,
**p<0.01, and ***p<0.001.
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for PKH26-labeled MHCII-hi macrophages (figure 5B). During the 14-day model, we
found higher percentages of MHCII-hi macrophages in females than in males (data in
supplement VA).
In general, HDM-exposure during the 14-day model induced higher percentages of
YM1+CD206+ and more PKH26-labeled YM1+CD206+ macrophages as compared
PBS exposure (figure 5C and 5D). This was caused by an increase after the first HDM
challenge on day seven and maintenance of these higher numbers throughout the
HDM challenges in week two. Comparing males and females, no significant differ-
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Figure 5. Percentage of MHCII-hi (A), number of PKH26+ MHCII-hi macrophages (B), percentage of YM1+CD206+
macrophages (C), number of YM1+CD206+ PKH26+ macrophages (D), percentage of CD206+MHCII-lo macrophages (E), and number of CD206+MHCII-lo PKH26+ macrophages (F) in lungs of HDM-exposed and PBSexposed mice at different time points of the 14-day HDM model. Percentages and numbers are shown at
baseline (before HDM/PBS), 4 and 24 hours after sensitization, 7 days after sensitization, 4 and 24 hours
after the first challenge, 4 and 24 hours after the last challenge, and 3 days after the last challenge. *p<0.05,
**p<0.01, and ***p<0.001.
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ences were found in the percentages of YM1+CD206+ macrophage numbers (data in
supplement VB), but we did observe higher YM1 expression at day 14 in females as
compared to males (data not shown)
In the first week after HDM sensitization, no differences were observed in the percentage of CD206+MHCII-lo macrophages between HDM and PBS-exposed animals.
In the second week after the first HDM challenge, their percentages significantly
dropped below the controls (figure 5E). A similar pattern was observed for PKH26+
CD206+MHCII-lo macrophages. A sharp increase at 4 hours after the first HDM challenge was observed before numbers dropped below controls (figure 5F). In general,
no differences between HDM-exposed males and HDM-exposed females were found
(data in supplement VC).
In all macrophage polarization states, BrdU incorporation was negligible (<1%, data
not shown).

High numbers of Ly6Clo monocytes are recruited from the blood to the lung
during induction of allergic lung inflammation
Having established the kinetics of lung-resident macrophages during induction of
allergic lung inflammation, we also studied the kinetics of monocytes as possible
progenitors for lung-resident macrophages after allergen exposure in both males and
females.
In general, the total number of monocytes that infiltrated the lungs of HDM-exposed
mice was significantly higher as compared to PBS-exposed mice during the 14-day
model (figure 6A). Infiltration of monocytes into lung tissue was not apparent in
the first week after the sensitization dose of HDM. Significant infiltration was first
found four hours after the first challenge with HDM in week two and was maintained
throughout the HDM challenges. The number of Ly6Clo monocytes followed a similar
pattern during induction of allergic lung inflammation (figure 6B). On average, 15%
BrdU incorporation was found in Ly6Clo monocytes (data not shown).
Comparing males and females during the 14-day model, a trend towards higher
numbers of total monocytes in female lungs was observed (p=0.0571, data in supplement VIA). No significant differences were found between HDM-exposed males and
females in the number of Ly6Clo monocytes (data in supplement VIB).
A relatively small number of the total monocytes in lung tissue were Ly6Chi monocytes. We found no significant differences in the number of Ly6Chi monocytes
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Figure 6. Total number of monocytes (A), Ly6Clo monocytes (B), Ly6Chi monocytes (C) and BrdU+ Ly6Chi
monocytes (D) in lungs of HDM-exposed and PBS-exposed mice at different time points of the 14-day HDM
model. Total number of monocytes (E), Ly6Clo monocytes (F), and Ly6Chi monocytes (G) per milliliter (mL)
blood of HDM-exposed and PBS-exposed mice at different time points of the 14-day HDM model. Numbers
are shown at baseline (before HDM/PBS), 4 and 24 hours after sensitization, 7 days after sensitization, 4 and
24 hours after the first challenge, 4 and 24 hours after the last challenge, and 3 days after the last challenge.
*p<0.05, **p<0.01, and ***p<0.001.
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between HDM- and PBS-exposed mice during the 14-day model (figure 6C). No differences were observed during the first week after HDM sensitization between HDM and
PBS-exposed mice. In the second week, after the first HDM challenge, their numbers
increased as compared to the PBS-exposed control mice to subsequently become
significantly different four hours, one day and three days after the last HDM challenge.
Comparing HDM-exposed males and females during the 14-day model, females had
higher numbers of Ly6Chi monocytes in their lungs than males caused by a transient
increase in the second week after the last HDM challenge (p=0,0286, data in supplement VIC).
Most of the Ly6Chi monocytes were labeled with BrdU. No differences were observed
in numbers of BrdU+ Ly6Chi monocytes between lungs of HDM- and PBS-exposed
mice during the whole 14-day protocol, but three days after the last HDM challenge
(day 14) we found significantly higher numbers of BrdU+ Ly6Chi monocytes in lungs
of HDM-exposed mice than in PBS-exposed mice (figure 6D). No significant differences were found between in the number of BrdU+ Ly6Chi monocytes between HDMexposed males and females (data in supplement VID).
The kinetics of monocyte subsets in blood was similar to kinetics of the subsets that
infiltrated the lung during allergic lung inflammation. Numbers of total, Ly6Clo, and
Ly6chi monocytes followed a similar pattern during the development of the model
as the subsets in lung tissue. (figure 6E-G). We found no differences between HDMexposed males and females in the total number of blood monocytes and Ly6Clo and
Ly6Chi monocytes during the 14-day protocol (data in supplement VIIA-C).

Discussion
This is the first study that investigates the kinetics of different polarization states of
macrophages after allergen exposure. In a 14-day HDM model, we showed that already one day after HDM sensitization numbers of alveolar macrophages are induced
to the apparent detriment of interstitial macrophages. During the second week after
the first HDM challenge, the balance between polarization states shifts towards high
numbers of YM1+ alveolar macrophages and very low numbers of CD206+MHCII-lo
interstitial macrophages. By labeling all lung-resident macrophages, we confirmed
previous findings showing that maintenance of the macrophage pool during inflammation is mostly dependent on local proliferation rather than on recruitment of circulating monocytes. However, there was a presence of Ly6Clo monocytes in the lungs
during HDM challenges as opposed to Ly6Chi monocytes. The kinetics of all immune
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cells was not different between HDM-exposed males and females, but females had
higher numbers of eosinophils, dendritic cells, total monocytes and Ly6Chi monocytes
during different time points of the 14-day HDM model.
A key feature of allergic lung inflammation is the rapid accumulation of innate immune cells that are recruited from the blood. The rapid influx of granulocytes and
monocytes (the latter being possible precursors for dendritic cells and macrophages),
are prominent in this cascade (20, 21). Interestingly, neutrophils were the first
granulocytes that infiltrated lung tissue rather than eosinophils. These findings are
in line with a previous study that also investigated the kinetics of eosinophils versus
neutrophils in an ovalbumin-induced mouse model of allergic lung inflammation (22).
The kinetic behavior of dendritic cells was different from the granulocytes as they
were unaffected by HDM sensitization, but their numbers dropped after the first of
the HDM challenges. This drop is probably caused by their migration from the lungs
to the lung-draining lymph nodes (23). The dendritic cells in the lung may then be
later replenished by recruited Ly6Chi monocytes as these enter lung tissue around the
same time as the number of dendritic cells increases again. The fact that we found
BrdU+ dendritic cells, suggests that these recruited Ly6Chi monocytes indeed serve as
precursors for dendritic cells as was shown before (24).
In our study we were interested in tracking both interstitial macrophage and alveolar
macrophage polarization. In histological sections these are easily distinguishable
based on location and morphology, but the location information is of course lost
during flow cytometry. We therefore carefully compared the phenotypes of the two
main CD68+CD11c+ populations we found and also compared the expressions of two
important distinguishing markers (YM1 and CD68) with histological sections to make
sure we were investigating interstitial macrophages and alveolar macrophages. Our
results also compare well with others who have looked into the differences of these
two populations of macrophages (43, 44).
Although total numbers of macrophages were not affected the first week after HDM
sensitization, a decrease in interstitial and an increase in alveolar macrophages was
observed at 24 hours after the HDM sensitization dose. This may suggest that interstitial macrophages change into alveolar macrophage after encountering HDM. This may
be a functional measure of interstitial macrophages that normally suppress immune
responses (45), but in the case of HDM exposure need to help out with defensive
actions. Our findings are in agreement with a previous study, which suggested that alveolar macrophages may originate from interstitial macrophages (12). Previous studies investigating the origins of lung macrophages never made a distinction between
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interstitial and alveolar macrophages and only studied alveolar macrophages showing
an embryonic origin for these (11, 27–29). This does not exclude the possibility of an
intermediate interstitial stage, as it is still unclear whether interstitial macrophages
have embryonic or hematopoietic progenitors or both.
Interestingly, we found that both interstitial and alveolar macrophages numbers rapidly increase after the first HDM challenge. During HDM challenges, the high number
of alveolar macrophages is maintained, but the number of interstitial macrophages
decreases again. Since most of the macrophages are PKH26+ this suggests local proliferation and/or switching from interstitial to alveolar macrophages. A small fraction
of interstitial macrophages was BrdU+ (around 2%); therefore another explanation
for the observed increase in interstitial macrophages could be monocyte contribution, because at this same time Ly6Clo monocytes are rapidly infiltrating the lungs. It
may be possible that interstitial macrophages are the intermediate progenitor pool
from which alveolar macrophages can quickly develop during HDM challenges. The
interstitial macrophages are then replenished by local proliferation and/or infiltration
of Ly6Clo monocytes.
In our previous studies, we found that after 14 days of HDM exposure macrophage
subsets were considerably changed during the inflammatory process in lungs of mice.
Characterization of the macrophages subsets by immunohistochemistry revealed that
most of these macrophages were IRF5+ or YM1+, and few were IL-10+ (15). This was
a dramatic shift in balance as compared to the healthy situation, which sees many
IL-10+ and few IRF5+ and YM1+ macrophages. For YM1+ macrophages the results
found with immunohistochemistry can directly be translated to our flow cytometry
data as we are using the same marker. Both methods yielded the same results: a
dramatic increase in YM1-expressing macrophages after HDM exposure as compared
to control. Since we could not reliably establish flow cytometric stainings for IRF5 and
IL-10, we had to translate our previous immunohistochemistry results for these macrophage subsets to different markers. IRF5 expression has been shown to be linked to
expression of MHCII by macrophages (46), and we therefore assumed that all MHCII
high-expressing macrophages with no expression of YM1 were similar to the IRF5expressing macrophages in tissue. The IL-10 immunohistochemistry stainings showed
us IL-10 is mainly produced by interstitial macrophages with low MHCII expression,
therefore we expect that the interstitial macrophages defined in the flow cytometry
staining (CD206+MHCII-lo) are similar to the IL-10-producing macrophages we find
in immunohistochemical stainings. Even with the use of different markers, both
immunohistochemistry and flow cytometry yielded the same results: an increase in
IRF5+MHCII-hi macrophages and a dramatic decrease in IL-10+MHCII-lo macrophages.
89

4

Chapter 4

Tracking the different phenotypes in time during HDM exposure, we interestingly
found that a first sensitization dose of HDM did not change the number of macrophages in lung tissue nor did it change their phenotypes as compared to the healthy
situation. It is possible that macrophage responses peaked after our assessment time
point of 4 and 24 hours after HDM and decreased again thereafter as was shown
for intratracheal instillation of bleomycin to induce lung injury (30). However, this
apparent nonresponse rapidly changed after a first rechallenge with 10 μg HDM
in week two with a significant peak in the number of YM1+CD206+ macrophages.
This immediate increase appears to be mostly the result of local proliferation as a
similar peak is seen for PKH26-labeled macrophages. This confirms previous results
by Zaslona and Jenkins (11, 17). Another possibility could be phenotype switching as
almost no BrdU incorporation was found in macrophages. Since CD206+MHC-II-low
macrophages are rapidly decreasing during the HDM challenges, we hypothesize that
they are the first ones switching to YM1+CD206+ macrophages. This is supported by
previous studies that showed that macrophages can shift from one functional state to
another in response to changes in the microenvironment (18, 19, 31). There may also
be some contribution of Ly6Clo monocytes as similar peak distributions were seen for
both the Ly6Clo monocytes in lung tissue as well as in blood. The immediate switching of proliferating lung macrophages and immigrated monocytes to a YM1+CD206+
phenotype after HDM re-exposure may be explained by high production of IL-4 and
IL-13 (known inducers of YM1+CD206+ macrophages (32)) in lung tissue as was shown
before (33). This is in agreement with a previous study by Jenkins et al. that concluded
that local proliferation of macrophages is a specific signature of inflammatory diseases
characterized by high IL-4/IL-13 cytokine levels (17).
An advantage of our study is the PKH26 labeling of the lung-resident macrophages
to track them and to study how they are affected by the induction of allergic airway
inflammation. We showed that PKH26-labeled polarized macrophages followed the
same pattern as the total number of these macrophages. The slightly lower numbers
of PKH26-labeled macrophages than total macrophages, as seen for all phenotypes,
can be explained by the labeling efficiency of around 75% at baseline. The increase in
PKH26-labeled YM1+CD206+ macrophages during the challenges suggests proliferation, but no BrdU incorporation was detected. An explanation for this phenomenon
could be that the i.p. injected BrdU did not reach the lungs in sufficient quantities or
that the increase in PKH26-labeled YM1+CD206+ macrophages is mainly the result
of phenotype switching rather than local proliferation. With our data it is difficult to
answer this question, but phenotype switching of CD206+MHCII-lo interstitial macrophages to YM1+CD206+ alveolar macrophages may play a role.
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A limitation of our study is the low incorporation of BrdU, which was mainly found in
Ly6Chi monocytes. As Ly6Chi monocytes are the monocytes that are newly produced
from bone marrow and then switch to Ly6Clo monocytes (37), this may explain why
could barely detect BrdU in Ly6Clo monocytes and more BrdU staining was found in
Ly6Chi monocytes.
In conclusion, in a 14-day HDM-model we have shown that maintenance of the polarized macrophage pool during inflammation is mostly dependent on local proliferation and possibly interstitial macrophage-to-alveolar macrophage conversion rather
than recruitment of circulating monocytes. However, we did find some infiltration of
Ly6Clo monocytes in the lungs during HDM challenges. In addition, the increase in
YM1+CD206+ macrophages during HDM challenges may also be the result of phenotype switching of CD206+MHCII-lo interstitial macrophages to YM1+CD206+ alveolar
macrophages. Future studies should focus on phenotype switching of macrophages in
allergic lung inflammation, because interfering with phenotype switching may be an
attractive new therapeutic approach.
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Supplemental data

Supplemental figure I. Gating strategy of macrophages, neutrophils, eosinophils, dendritic cells and monocytes in the lung.

Supplemental figure II. Gating strategy of blood monocytes.
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Supplemental figure III. Number of eosinophils (A), neutrophils (B) and dendritic cells (C) in lungs of male and
female HDM-exposed mice at different time points of the 14-day HDM model. Numbers are shown at baseline
(before HDM/PBS), 4 and 24 hours after sensitization, 7 days after sensitization, 4 and 24 hours after the first
challenge, 4 and 24 hours after the last challenge, and 3 days after the last challenge. *p<0.05.
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Supplemental figure IV. Total number of macrophages (A), alveolar macrophages (B), and interstitial macrophages (C) in lungs of male and female HDM-exposed mice at different time points of the 14-day HDM
model. Numbers are shown at baseline (before HDM/PBS), 4 and 24 hours after sensitization, 7 days after
sensitization, 4 and 24 hours after the first challenge, 4 and 24 hours after the last challenge, and 3 days after
the last challenge.
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Supplemental figure V. Percentages of MHCII-hi (A), YM1+CD206+ (B), and CD206+MHCII-lo macrophages (C)
of total macrophages in lungs of male and female HDM-exposed mice at different time points of the 14-day
HDM model. Percentages are shown at baseline (before HDM/PBS), 4 and 24 hours after sensitization, 7 days
after sensitization, 4 and 24 hours after the first challenge, 4 and 24 hours after the last challenge, and 3 days
after the last challenge. *p<0.05.
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Supplemental figure VI. Total number of monocytes (A), Ly6Clo monocytes (B), Ly6Chi monocytes (C) and
BrdU+ Ly6Chi monocytes (D) in lungs of male and female HDM-exposed mice at different time points of the
14-day HDM model. Numbers are shown at baseline (before HDM/PBS), 4 and 24 hours after sensitization, 7
days after sensitization, 4 and 24 hours after the first challenge, 4 and 24 hours after the last challenge, and 3
days after the last challenge. *p<0.05.
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Abstract
Background: Macrophages are abundantly present in the airways. After allergen
contact, macrophages can respond with different states of polarization at the cost of
their anti-inflammatory polarization state. The different macrophage functional states
have not been investigated in lung tissue of asthmatics and healthy controls and it is
unknown how they relate to disease severity and treatment response.
Objective: We quantified different polarization states of macrophages in asthma
patients and healthy controls and studied associations with lung function, sex and
inhaled corticosteroid (ICS) use.
Methods: Bronchial biopsies from 138 well-characterized asthma patients and 50
matched healthy controls were stained for different macrophage subsets defined by
a general macrophage marker (CD68) in combination with subset-specific markers,
namely interferon regulatory factor 5 (IRF5), CD206, and IL-10 respectively. Doublepositive cells were counted and expressed as the number of cells per mm basement
membrane.
Results: Asthma patients had higher numbers of IRF5+ and CD206+ macrophages in
bronchial biopsies than healthy individuals, males having more IRF5+ and females
more CD206+ macrophages. Asthma patients had lower numbers of IL-10+ macrophages than healthy individuals, while ICS users had more than non-ICS users. Higher
numbers of IRF5+ macrophages were associated with more severe airflow obstruction
(lower FEV1/FVC) and higher numbers of IL-10+ macrophages with less severe airflow
obstruction.
Conclusions: This study suggests that macrophages are differentially polarized in asthma. Their polarization state can be linked to disease severity, sex and ICS treatment.
Specifically increasing the number of IL-10+ macrophages by therapeutic intervention
may be a novel way of treating asthma.
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Introduction
A number of recent reports have shown that macrophages in the lungs are important
in maintaining homeostasis, yet they can significantly contribute to the development
of asthma (1–7). This contradiction in functions can be explained by their plasticity. In
vitro studies have delineated three main polarization states of macrophages, which
is a simplified model of the in vivo situation (8, 9). These polarization states contain
two types associated with inflammatory responses, and one with anti-inflammatory
responses.
The macrophage subset associated with Th1 inflammation is induced by interferon
gamma (IFNγ), tumor necrosis factor alpha (TNFα) and/or microbial products, and
is characterized by interferon regulatory factor 5 (IRF5) expression and production
of pro-inflammatory cytokines (10, 11). The second macrophage subset, associated
with Th2 inflammation, is induced by interleukin (IL)-4 and/or IL-13. It is characterized
by increased expression of uptake receptors, including CD206 (mannose receptor)
and is important in tissue repair processes (12, 13). The third macrophage subset,
associated with downregulation of inflammation, is induced by corticosteroids and
IL-10. It shares many markers with IL-4/IL-13-induced macrophages, such as CD206,
but additionally produces high levels of anti-inflammatory IL-10 (8).
As CD206+ macrophages are induced by the archetypical asthma cytokines IL-4/IL-13,
their numbers and function have been studied more extensively in asthma than IRF5+
and IL-10+ macrophages. We and others found higher numbers of CD206+ macrophages or their products in the lungs of asthmatics compared to healthy controls,
though in relatively small sample size cohorts (14–17). Moreover, we showed that
higher CD206+ macrophage numbers are associated with more severe asthma (14)
and that these IL-4/IL-13-induced macrophages contribute to asthma development in
mouse models of allergic lung inflammation (2, 18, 19).
To the best of our knowledge, no publications have reported the numerical presence of Th1-associated IRF5+ or anti-inflammatory IL-10+ macrophages in human
asthma. However, there is data showing higher levels of inducing factors for IRF5+
macrophages and their products in asthma than in healthy controls (20, 21). Additionally, inducers and products of these macrophages have been found associated
with corticosteroid-resistant, severe asthma (22–24). In murine models of asthma we
found more IRF5+ macrophages and less IL-10+ macrophages in lungs of mice with
allergic lung inflammation than in controls (3, 25).
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In this study we set out to narrow the knowledge gap on the presence of different
macrophage polarization states in human asthma by comparing individuals with and
without asthma. Based on the few reports present, mostly from animal models, we
hypothesized that human asthma is characterized by higher numbers of IRF5+ and
CD206+ macrophages and lower numbers of anti-inflammatory IL-10+ macrophages.
In addition, we investigated whether these three polarization states correlate with
disease severity and/or treatment response in asthma. To this aim, we quantified
the three main polarization states of macrophages in airway wall biopsies in a large
number of asthmatics and healthy controls and correlated their presence with various
clinical parameters.

Materials and methods
Subjects
Bronchial wall biopsies of asthma patients (n=138) and healthy individuals (n=50)
originated from cohorts previously studied by our group (26, 27). The experimental
protocols were approved by the Medical Ethical Committee of the UMCG (METc
2007/007, clinicaltrials.gov NCT00848406) and all subjects gave written informed
consent. Table I presents the clinical characteristics of all subjects. All lung function
parameters were significantly lower in asthma patients than in healthy individuals.
Most patients showed mild to moderate asthma symptoms. Male patients had a
significantly lower lung function as assessed by forced expiratory volume in 1 second
(FEV1) (%predicted) and maximal expiratory flow (MEF50) (%predicted) than female
patients.

Asthma patients
Asthma patients had a doctor’s diagnosis of asthma and documented reversibility and
bronchial hyperresponsiveness (BHR) to histamine in the past. Asthma patients were
extensively re-examined (see for study design reference (26, 28) and were included
in the study if they showed a positive AMP provocation test (PC20AMP < 320 mg/mL),
or if this was >320 mg/mL a positive histamine provocation test (PC20histamine < 32
mg/mL).

Healthy individuals
Healthy individuals were included if they met the following criteria: 1) normal pulmonary health according to the physician, 2) normal spirometry defined as FEV1 ≥ 80
%predicted, an FEV1/forced vital capacity (FVC) greater than the lower limit of normal,
3) no bronchodilator reversibility defined as an increase in FEV1 < 10% of the predicted
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Table I. Patient characteristics. Most patients showed mild to moderate asthma symptoms. Values are medians (ranges), unless stated otherwise.
Asthma
(n=138)

Healthy (n=50)

Statistical
difference

Sex, males/females

70/68

29/21

n.s.

Age, years

49 (17-71)

51 (19-73)

n.s.

Body mass index, kg/m2

26.7 (19-44.2)

23.4 (19-35.8)

n.s.

Atopy, n (%) (positive skin prick test)

95 (69)

18 (37)

p<0.0001

Current smoking, n (%)

30 (22)

17 (34)

n.s.

ICS use, yes/no

57/81

0/50

p<0.0001

β2 agonist use, yes/no

71/67

n.d.

-

IgE

78 (1-1668)

n.d.

-

PC20AMP, mg/mL

198 (0-640)

640 (66.7-640)

p<0.0001

FEV1, % predicted

93 (34-134)

111 (88-139)

p<0.0001

FEV1/VC, %

72 (40-96)

78 (68-93)

p<0.0001

MEF50, % predicted

73 (17-152)

88 (57-136)

p<0.01

Blood eosinophils, x109/L

0.17 (0.260.97)

0.13 (0.020.36)

p<0.05

Blood neutrophils, x109/L

3.3 (1.4-66.7)

2.8 (1.3-7.6)

p<0.01

Lung eosinophils, numbers per 0.1 mm2 tissue area

1.8 (0-40)

n.d.

-

Lung neutrophils, numbers per 0.1 mm2 tissue area

6.2 (0-46)

n.d.

-

Lung CD3+ T cells, numbers per 0.1 mm2 tissue area

67.6 (4.2-294)

n.d.

-

NO alveolar, ppb

5.3 (2.6-51.7)

3.7 (-0.28-67.8) p<0.001

NO bronchial, nl/s

0.7 (0.08-10.4) 0.6 (-2.67-3.6)

n.s.

Basement membrane thickness, μm

5.9 (2.8-12.6)

3.1 (1.6-7.0)

p<0.0001

Goblet cells, number per 1 mm basement membrane

36 (0-220)

n.d.

-

Collagen III deposition area, %

28 (3-66)

n.d.

-

5

Definition of abbreviations: ICS = inhaled corticosteroid; PC20AMP = provocative concentrations of adenosine
5’monophosphate causing a 20% fall in FEV1 ; MEF50 = maximum expiratory flow rate at 50% of vital capacity;
n.s.= not significant; n.a.= not applicable; n.d.= no data.

value after administration of 400 μg salbutamol, and 4) no bronchial hyperresponsiveness to methacholine. Never-smokers were defined as subjects who had not smoked
during the last year, had never smoked for as long as 1 year, and had not smoked more
than 0.5 packyears.

Lung function
A daily-calibrated spirometer was used to perform lung function tests according to
standardized guidelines as previously described (29). FEV1 was measured with a calibrated water-sealed spirometer (Lode Spirograph D53, Lode Instruments, Groningen,
The Netherlands) according to standardized guidelines (29, 30). After administration
of 400 μg albuterol the reversibility of FEV1 (% predicted) was measured. Provocation
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tests were performed as published previously (28, 31). Subjects received an initial
nebulized 0.9% saline challenge, followed by doubling concentrations of AMP (0.04320 mg/mL) by 2-minute tidal breathing at intervals of 5 minutes. BHR to histamine
was measured by doubling concentrations ranging from 0.13 to 32 mg/mL using the
30-second tidal breathing method (32).

Collection and processing of bronchial biopsies
Bronchial biopsies were collected with a flexible bronchoscope (type Olympus BF P20
or BF XT20; Olympus, Center Valley, PA) under local anesthesia. The biopsies were
obtained from segmental divisions of the main bronchi and thereafter fixed in 4%
formalin. After processing, the biopsies were embedded in paraffin and cut into sections of 3 μm thickness.

Histology
To identify macrophage subsets in bronchial biopsies, a general macrophage marker
CD68 was used in combination with subset-specific markers. Our previous studies
in lungs and livers showed that IRF5 is a selective marker for the presence of proinflammatory macrophages when combined with the general macrophage marker
CD68 (3, 25, 33).
Numbers of pro-inflammatory IRF5+ macrophages were determined by double staining of CD68 (anti-CD68, DAKO, Heverlee, Belgium) and IRF5 (anti-IRF5, ProteinTech
Europe, Manchester, UK), pro-inflammatory CD206+ macrophages by double staining
of CD68 (anti-CD68, Abnova, Heidelberg, Germany) and CD206 (anti-CD206, Serotec,
Puchheim, Germany), and anti-inflammatory macrophages by double staining of
CD68 (anti-CD68, DAKO) and IL-10 (anti-IL10, Hycult Biotech, Uden, The Netherlands)
using standard immunohistochemical procedures. In short, sections were deparaffinized and antigen retrieval was performed by overnight incubation in Tris-HCL buffer
pH 9.0 at 80°C; thereafter sections were incubated with rabbit anti-IRF5 followed by
mouse anti-CD68 or mouse anti-CD206 followed by rabbit anti-CD68. Next, sections
were incubated with the two secondary antibodies together: horseradish peroxidase
(HRP)-conjugated goat-anti-mouse antibody and alkaline phosphatase (AP)-conjugated goat-anti-rabbit antibody.
For IL-10 stainings, antigen retrieval was performed by heating the sections in citrate
buffer at pH 6.0 for 10 minutes at sub-boiling temperature. The sections were pretreated with 1% bovine serum albumin (Sigma Aldrich, Zwijndrecht, The Netherlands)
and 5% milk powder in PBS for 30 minutes and incubated with rabbit anti-IL-10 overnight. Next day, the sections were incubated with mouse anti-CD68 followed by the
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two secondary antibodies together: HRP-conjugated goat-anti-rabbit antibody and
alkaline AP-conjugated goat-anti-mouse antibody.
First the AP-conjugated antibodies were visualized using an immunoalkaline phosphatase procedure with 5-bromo-4-chloro-3-indolyl-phosphate/ nitro blue tetrazolium
(BCIP/NBT) as chromogen (Vector, Burlingame, CA, USA). Next, the HRP-conjugated
antibodies were visualized with ImmPACT NovaRED (Vector, Burlingame, CA, USA) as
chromogen.
All stainings were quantified by morphometric analysis using ImageScope analysis
software (Aperio, Vista, CA, USA). A blinded observer manually counted the doublepositive cells in whole bronchial biopsy sections per length of intact basement
membrane and extending 100 μm into the intact submucosa, excluding vessel and
smooth muscle. Data was expressed as the number of positive cells per millimeter of
basement membrane.

Statistics
Normality of distributions was assessed using D’Agostino-Pearson omnibus test. When
data was not normally distributed log or square root transformations were performed.
Student’s t tests were used to compare macrophage subsets between two groups.
Data is shown as aligned dot plots with line at median. Pearson correlations were
performed on macrophage subsets and clinical characteristics. Multiple regression
analyses were performed within the asthma population to explain the contribution
of each macrophage subset (independent variable of model 1: IRF5+ macrophages,
model 2: IL-10+ macrophages and model 3: CD206+ macrophages) to the variation of
lung function (dependent variable). This regression analysis was performed to explain
bronchial hyperresponsiveness (PC20AMP mg/mL), airway obstruction (FEV1, L and
%predicted, and FEV1/FVC ratio), small airway obstruction (MEF25, MEF50, and MEF75,
(L/s)), and use of inhaled corticosteroids (ICS) (yes/no). All models were adjusted for
sex, age, height, and current smoking. P-values <0.05 were considered significant.
Data were analyzed using Graphpad Prism 6 and IBM SPSS Statistics version 22.

Results
Macrophage subsets in asthma patients versus healthy individuals
Total numbers of macrophages (CD68+) were not significantly different between
healthy individuals and asthma patients (Figure 1A). Higher numbers of IRF5+ macrophages and CD206+ macrophages were found in bronchial biopsies of asthma
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patients as compared to healthy individuals (P<0.0001; Figures 1B and C). Lower numbers of IL-10+ macrophages were present in bronchial biopsies of asthma patients as
compared to healthy individuals (P<0.0001; Figure 1D). Representative photos of the
double stainings are shown in figures 1E-G. No obvious differences in the location of
macrophage subsets were observed.

Macrophages and clinical characteristics of asthma patients
Table II presents results of monovariate regression analysis of the macrophage subsets with clinical characteristics of the asthmatics. No differences were found in the
total numbers of macrophages between sexes in both healthy individuals and asthma
patients (Figure 2A). Both males and females with asthma had higher numbers of
IRF5+ and CD206+ macrophages in bronchial biopsies as compared to healthy males
and females, respectively (both P<0.001). Within asthma patients, males had higher
numbers of IRF5+ macrophages than females (P<0.001; Figure 2B), whereas females
had higher numbers of CD206+ macrophages (P<0.001; Figure 2C). Numbers of IL10+ macrophages were not significantly different between sexes, but both asthmatic
males and females had lower numbers of IL-10+ macrophages as compared to healthy
controls (both P<0.0001, Figure 2D).
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Table II. Pearson correlations of macrophages subset (IRF5+CD68+, CD206+CD68+ or IL-10+CD68+) and clinical charcteristics. Categorical variables (Sex, ICS and smoking) tested with t-test.
IRF5+CD68+
r

p-value

CD206+CD68+

IL-10+CD68+

r

r
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Sex (male/female)

Figure 2B
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Figure 2C

0.001

Figure 2D
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Figure 3C
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0.041

0.652

-
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Since male asthmatics had a significantly lower lung function as assessed by FEV1
(%predicted) and MEF50 (%predicted) than female asthmatics, the above reported sex
differences in IRF5+ and CD206+ macrophages may be influenced by the difference
in lung function. Therefore, male and female asthmatics were arbitrary divided in
those with worse lung function (FEV1 <85% predicted) and with better lung function
(FEV1 > 85% predicted). Asthmatic males FEV1< 85% predicted had higher numbers of
IRF5+ macrophages than asthmatic females with FEV1 less than 85% predicted (P<0.5;
Figure 2E), whereas females had higher numbers of CD206+ macrophages than males
(P<0.05; Figure 2G). Similar results were shown in bronchial biopsies of asthmatic
males and females with FEV1 more than 85% predicted: more IRF5+ macrophages in
males than in females (P<0.001; Figure 2F) and more CD206+ macrophages in females
than in males (P<0.01; Figure 2H).
Asthma patients using ICS had similar numbers of total macrophages in bronchial
biopsies as non-ICS-using asthmatics (Figure 3A), but lower numbers of IRF5+ macrophages and higher numbers of IL-10+ macrophages (Figures 3B and D), without
differences in CD206+ macrophage numbers (Figures 3C). There were no significant
differences observed between males and females using ICS as compared to males
and females who did not use ICS, respectively (Figure E-G). IL-10+ macrophages were
higher in both males and females using ICS as compared to males and females not
using ICS, respectively (both P<0.01, Figure 3H).
Higher numbers of IRF5+ macrophages were significantly associated with a lower
FEV1/FVC ratio (Figure 4A), and higher IL-10+ macrophage numbers with higher FEV1/
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Figure 2. Aligned dot plots with line shown at median of macrophages in bronchial biopsies of male and female asthma patients. Number of (A) all CD68+ cells, (B) IRF5+CD68+, (C) CD206+CD68+, and (D) IL-10+CD68+
cells in all male and female asthma patients. Number of IRF5+CD68+ cells and CD206+CD68+ cells in male and
female asthma patients with a lower FEV1 (%predicted) than 85 (E and F) and with a higher FEV1 (%predicted)
than 85 (G and H). ***P<0.001.
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Figure 3. Aligned dot plots with line shown at median of macrophage in bronchial biopsies of non-users and
users of ICS. Number of (A) all CD68+ cells, (B) IRF5+CD68+, (C) CD206+CD68+, and (D) IL-10+CD68+ cells in
healthy subjects and asthma patients. Number of (E) all CD68+ cells, (F) IRF5+CD68+, (G) CD206+CD68+, and
(H) IL-10+CD68+ cells in both male and female asthma patients using ICS and not using ICS. *P<0.05.
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Figure 4. Linear regression of (A) IRF5+CD68+ cells and FEV1/FVC ratio, and (B) IL-10+CD68+ cells and FEV1/FVC
ratio in asthma patients. Both *P<0.05.

FVC ratio values (Figure 4B). No significant associations were found with other lung
function parameters (see table I for for all lung function parameters). CD206+ macrophages were not associated with lung function at all. None of the macrophage subsets
was associated with age, current smoking (no/yes), eosinophils, neutrophils or airway
remodelling, as reflected by basement membrane thickness, goblet cell numbers
and collagen III deposition (data not shown). There were no significant associations
between the presences of the different macrophage subsets themselves.

Macrophage polarization is associated with ICS use, but not with lung function
parameters
Multiple regression analysis showed that lower numbers of IRF5+ macrophages and
higher numbers of IL-10+ macrophages were significantly associated with ICS use,
independent of sex, age and height (Table III). CD206+ macrophages were not significantly associated with ICS use. No significant associations were present between
macrophage subsets and lung function parameters, including PC20AMP (mg/mL), FEV1
(L), FEV1/FVC ratio, MEF25, MEF50 and MEF75, (L/s) in this model.
Table III. Multiple regression analysis showed that lower numbers of IRF5+ macrophages (model 1) and higher
numbers of IL-10+ macrophages (model 2) were significantly associated with ICS use (no/yes), independently
of sex, age and height. No associations were found for CD206+ macrophages (model 3).
Model 1

Model 2

2

Model 3

2

R =0.032

R =0.414

No associations

B

S.E.

p-value

B

S.E.

p-value

—-

IRF5+ macrophages

-0.363

0.173

0.037

—-

—-

—-

—-

IL-10+ macrophages

—-

—-

—-

0.249

0.049

0.000

—-

B= regression coefficient; S.E= standard error.
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Discussion
This is the first study to investigate different macrophage polarization states in a large
population of asthma patients and healthy subjects. Our results show that both male
and female asthma patients have similar numbers of total macrophages in bronchial
biopsies as compared to healthy individuals, but higher numbers of inflammationand remodelling-associated IRF5+ and CD206+ macrophages and lower numbers
of IL-10+ macrophages. Within the group of asthmatics, male subjects had more
IRF5+ macrophages than female subjects, whereas this was the other way around
for CD206+ macrophages. Finally, corticosteroid treatment was associated with more
IL-10+ macrophages irrespective of sex.
An interesting finding of our study is that we observed higher numbers of IRF5+
macrophages in asthmatics than healthy controls. Although asthma is dominated by
the presence of IL-4 and IL-13 cytokines that induce CD206+ macrophages, previous,
indirect, evidence suggested that IRF5+ macrophages may also be induced in asthma
(20, 21, 34). We have now provided direct evidence that IRF5+ macrophages are
indeed also present in asthma. Murine studies suggest that IRF5+ macrophages can
aggravate established asthma (35), and this is supported by our results since higher
numbers of IRF5+ macrophages in airway wall biopsies associate with lower FEV1/
FVC values. Some reports have suggested that IRF5+ macrophages contribute to
corticosteroid-resistant severe asthma (22–24) and that IRF5+ macrophages themselves may be steroid-resistant (36–38). However, we found lower numbers of IRF5+
macrophages in asthmatics who used ICS than in non-users, suggesting that these
macrophages may be able to respond to treatment. We have to keep in mind that this
is a cross-sectional study, and there may be additional changes in IRF5+ macrophages
or other mechanisms that render severe asthmatics corticosteroid insensitive. As our
patients had mostly mild to moderate asthma, this did not allow us to investigate
severe asthma in more detail.
We found that male asthmatics had more IRF5+ macrophages than female asthmatics. As IRF5+ macrophages associate with worse lung function in our study, this could
explain the significant differences in lung function between males and females in our
asthma population. However, when we compared males and females with similar low
lung function, males still had more IRF5+ macrophages than females. Therefore this
characteristic appears to be linked to male sex and not to the differences in lung
function. Similarly, female sex was linked to having more CD206+ macrophages as
compared to male sex, irrespective of lung function. We have previously shown similar differences in murine models of asthma (2, 25). The reason for these differences
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between male and female asthmatics are unknown, but may be related to the different levels of sex hormones males and females are exposed to. Interestingly, sexually disparate polarization of macrophages with more M1 in males and more M2 in
females has also been shown in a model of myocarditis (39). In this study macrophage
polarization was influenced by sex hormone-driven IFNγ or IL-4 production by NK
cells: testosterone was found to favor IFNγ-production by NK cells, whereas estrogen
favored IL-4 production. As NK cells also play a role in asthma pathogenesis (40), this
hypothesis warrants further investigation.
As expected, we found higher numbers of Th2-associated CD206+ macrophages in
bronchial biopsies of asthmatics than in healthy subjects. Since high levels of the
inducers (IL-4 and IL-13) of CD206+ macrophages are usually present in asthma,
these macrophages have been more extensively studied in asthma and similar higher
CD206+ macrophage numbers have been reported by us and others (14–17). These
macrophages also appeared not be susceptible to corticosteroid treatment. However,
IL-10+ anti-inflammatory macrophages also express CD206 and after subtraction of
the IL-10+ subset, we also found lower numbers of CD206+ macrophages in ICS-users
suggesting that this polarization state may also be susceptible to corticosteroid inhibition (data not shown).
The function of CD206+ macrophages is in particular linked to remodelling processes.
Airway remodeling, as defined as increased basement membrane thickness, increased
collagen III deposition and goblet cell hyperplasia, is known to be an important aspect
of asthma (42, 43). Our asthmatics indeed showed increased basement membrane
thickness as compared to controls (26, 28). However, we found no statistical evidence
that CD206+ contributed to remodeling processes in these patients because their
number did not correlate with basement membrane thickness, goblet cell numbers
or collagen III deposition. Since both CD206+ and IRF5+ macrophages are present in
higher numbers in asthma, we also checked if the ratio of CD206+ to IRF5+ macrophages was in any way correlated to remodeling parameters. Again, no significant correlations were found (data not shown). The cross-sectional nature of our study may
have obscured correlations between CD206+ macrophages and remodeling processes
and therefore a longitudinal set up may be needed to give a more definitive answer.
As we hypothesized, the numbers of IL-10+ macrophages were lower in asthmatics
compared to healthy controls. This explains previous in vitro findings that macrophages from lavage fluid of asthmatics produce less IL-10 than macrophages from
healthy subjects (44–46). In contrast, there are also studies that report higher levels
of IL-10 in asthmatics as compared to healthy subjects. An explanation for these differ116
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ent 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 macrophages. Studies by Maneechotesuwan et al. and John et al. have shown that corticosteroid use can increase
IL-10 production by lung macrophages (45, 47). This is in line with our results showing
that ICS treatment was accompanied by higher numbers of IL-10+ macrophages. In
addition, we found that a higher number of IL-10+ macrophages was associated with
a higher FEV1/FVC ratio. This is of interest because these macrophages may therefore
be beneficial in reducing asthma symptoms. Strategies to boost numbers of IL-10+
macrophages may be a good avenue to explore for novel asthma treatments. For a
number of asthmatics this can be done through ICS treatment, but for those patients
not responding to ICS novel macrophage-polarizing therapies may be an interesting
option, as these patients are generally difficult to treat.
A limitation of our study is the cross-sectional nature, but the size of our population
is an asset and the largest study on macrophage polarization states in asthma to date.
Longitudinal studies have to further elucidate a cause-effect mechanism between
changes in macrophage polarization and the severity of asthma and its treatment with
ICS. Furthermore, there are some limitations to subdividing macrophages into three
polarization states while in vivo they appear as a continuous spectrum rather than
discrete subsets (8). The total number of CD68+ macrophages is lower than the sum
of the three polarizations states, indicating that there is indeed overlap in markers.
The strength of the current study is the combination of general macrophage marker in
combination with subset-specific markers. Generally three main ends of polarization
are recognized and we used distinct markers for each polarization end state (9). The
identification of CD206+ macrophages is still complicated, since these macrophages
share many characteristics with anti-inflammatory IL-10+ macrophages. Most of the
current studies only distinguish Th1-associated macrophages from Th2-associated
macrophages by identifying the latter with the broadly accepted mannose receptor
(CD206) (17, 49). However, CD206 is also expressed by IL-10+ macrophages (50).
Currently, there is no marker available that reliably identifies human genuine Th2associated CD206+ macrophages without the help of IL-10 costaining, the most reliable characteristic of anti-inflammatory macrophages to date (8). This has to be kept
in mind when observing data of CD206+ macrophages, including ours. Our data show
that IL-10+ macrophage numbers are low, especially in asthma, and when subtracted
from the CD206+ subset, the genuine Th2-associated CD206+ subset is still higher in
asthmatics than in controls (data not shown).
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In conclusion, we show in a large population of asthma patients and healthy controls
that numbers of IRF5+ and CD206+ macrophages are higher in bronchial biopsies of
asthma patients, whereas IL-10+ macrophage numbers are lower than in healthy controls. We show that IRF5+ macrophages are linked to worse lung function and male
sex, while female asthma is associated with more CD206+ macrophages. Both sexes
have less IL-10+ macrophages than healthy controls, and ICS treatment is associated
with having more IL-10+ macrophages. Our data provide supportive evidence that an
increase in the number of IL-10+ macrophages by a therapeutic intervention may be
a novel avenue to explore for the treatment of asthma.
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Chapter 6

Abstract
Alternatively activated macrophages (M2: CD206+ or YM1+) have been implicated in
the development of asthma but their contribution to disease initiation and progression remains unclear. To assess the therapeutic potential of modulating these YM1+
macrophages, we have studied inhibition of alternative activation during and after
development of allergic lung inflammation by treating with cynaropicrin, a galectin-3
pathway inhibitor.
When mice were treated with this inhibitor of alternative activation during the induction of allergic inflammation, they developed less severe eosinophilic lung inflammation and less collagen deposition around the airways, while the airway α-smooth
muscle actin layer was unaffected. When we treated with cynaropicrin after induction
of inflammation, eosinophilic lung inflammation and collagen deposition were also
inhibited though to a lesser extent. However, both during and after induction of
allergic inflammation, inhibition of alternative activation of macrophages resulted
in a shift towards more neutrophilic inflammation with more IRF5+ macrophages.
Moreover, airway hyperresponsiveness was worse in mice treated with cynaropicrin
as compared to allergic mice without inhibitor.
These results suggest that YM1+ macrophages contribute to induction and progression
of eosinophilic lung inflammation, but protect against development of neutrophilic
lung inflammation and worsening of airway hyperresponsiveness. This study reveals
the important dual role of YM1+ macrophages in asthma.
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Introduction
Asthma is a heterogeneous disorder of the lungs and those affected suffer from symptoms such as wheezing, coughing and chest tightness. The causes of these symptoms
are lung inflammation, airway hyperresponsiveness (AHR), mucus hypersecretion,
and airway wall remodeling often due to exposure to allergens such as house dust
mite (HDM). This chronic lung inflammation is characterized by increased infiltration
of Th2 lymphocytes, mast cells, eosinophils and macrophages1.
The role of macrophages in asthma has been the subject of much debate recently.
Macrophages can adopt different polarization states depending on the signals they
receive within tissues2. In conditions of high levels of IL-4 and IL-13, such as in allergic asthma, macrophages can polarize into YM1+ macrophages (formerly known
as alternatively activated or M2)3,4. In mice, these macrophages are characterized by
increased expression of CD206 (mannose receptor), transglutaminase 2, arginase-1,
chitinase-3-like protein-3 (Chi3l3/ Ym1), and resistin-like molecule-α (Relmα/ FIZZ1)
and are considered wound-healing macrophages because of their association with tissue remodeling processes5–8. Macrophages that express interferon regulatory factor 5
(IRF5+, formerly known as classically activated or M1) and produce pro-inflammatory
cytokines are induced in the presence of interferon gamma (IFNγ), tumor necrosis factor alpha (TNFα) and/or microbial products9,10. Macrophages that produce high levels
of IL-10 are associated with downregulation of inflammation and these are induced
by corticosteroids and IL-10 itself11.
As YM1+ macrophages are associated with IL-4/IL-13-driven processes, it is not surprising that we and others found higher numbers of these macrophages in lungs of
asthmatic patients and mice with allergic lung inflammation4,12,13. We also showed
that these macrophages correlated with asthma severity4. In addition, transfer of
IL-4/IL-13-induced macrophages to allergic mice aggravated the allergic inflammatory response in the lungs, suggesting that these macrophages contribute to the
disease12,14,15. However, the function of these YM1+ macrophages is subject of an
ongoing debate. Nieuwenhuizen et al. demonstrated that YM1+ macrophages are not
necessary for the development of allergic lung inflammation in mice with abrogated
IL-4α signaling on macrophages16. On the other hand, inhibiting YM1+ macrophages in
established fungus-induced murine lung inflammation, improved lung inflammation
and airway hyperresponsiveness, showing that their inhibition can have therapeutic
potential14.
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To investigate the influence of YM1+ macrophages on both development of asthma
and the severity of already established asthma in one standardized model, we inhibited the alternative activation of macrophages during and after development of
HDM-induced lung inflammation by treating with cynaropicrin, a galectin-3 pathway
inhibitor. Activation of the galectin-3/CD98/PI3K-pathway has previously been shown
to be required for polarization into YM1+ macrophages and cynaropicrin was shown
to be a potent inhibitor of alternative activation17.

Materials and methods
Animals
Specific pathogen free female BALB/c mice with the age of 6-8 weeks (Harlan, Horst,
The Netherlands) were kept in a temperature and light-controlled room. The mice
were housed in groups of 4 and they had ad libitum access water and food. The Institutional Animal Care and Use Committee of the University of Groningen approved
our animal protocol (application number 6272C) and this was performed under strict
governmental and international guidelines.

House dust mite (HDM) model and inhibition of alternative activation of
macrophages
Female BALB/c mice (n=8 per group) were exposed intransally to whole body HDM
extract (Dermatophagoides pteronyssinus, Greer laboratories, Lenoir, USA) according
to our established 14-day model13. Briefly, mice were anesthetized with isoflurane and
received 100 μg HDM in 40 μl PBS on day 0 and 10 μg HDM in 40 μl PBS on day 7-11
to induce allergic lung inflammation. Mice exposed to 40 μl PBS according to the HDM
protocol served as healthy controls. To inhibit alternative activation of macrophages
during induction of lung inflammation mice were exposed intranasally to cynaropricin
(2.5 mg/kg in 35 μl 4% DMSO/PBS, BioNaturis, Jerez de la Frontera, Spain) on day 7, 9
and 11 right before HDM administration17. To study inhibition of alternative activation
of macrophages after induction of lung inflammation mice received cynaropicrin on
days 14, 16 and 18. On day 18, these mice received an exacerbation dose of 10 μg
HDM in 40 μl PBS. Control mice received treatment with either 35 μl 4% DMSO/PBS
(n=8) or 35 μl PBS (n=8), but since no significant effect of 4% DMSO was observed,
these control groups were combined. Three days after the last exposure the mice
were sacrificed. The experimental design of study is depicted in figure 1.
On the day of sacrifice, half of the mice were sacrificed to collect bronchoalveolar
lavage fluid (BALF) and the left lung lobe was used to isolate lung cells for flow cy128
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tometry and right lung lobe was used for cytokine analyses. The other half of the
mice were used to determine airway hyperresponsiveness and these mice were then
sacrificed for histological analyses of lung tissue.

Figure 1. Experimental design of the study.

Bronchoalveolar lavage fluid (BALF)
BALF was collected by gently flushing the lungs with 1 ml of PBS three times and BALF
supernatants were used to determine the levels of YM1 by ELISA kit according to the
manufacturer’s instructions (R&D Systems, Oxon, UK).

Lung digestion
The left lung lobe was minced and incubated in RPMI 1640 medium (Lonza, Verviers,
Belgium) supplemented with 10% fetal calf serum (Lonza), 0.7 mg/ml collagenase A
(Sigma-Aldrich, Zwijndrecht, The Netherlands) and 10 μg/ml DNAse I (grade II from
bovine pancreas, Roche Applied Science, Almere, Netherlands) for 45 min at 37°C in
a shaking water bath. After digestion, the lung tissue was passed through a 70 μm
nylon strainer (BD Biosciences, Breda, Netherlands) to obtain single cell suspensions.
A 2-minute incubation with 10 times diluted Red Blood Cell lysis buffer (Biolegend,
Fell, Germany) was done to lyze contaminating erythrocytes followed by centrifugation through 70 μm strainer caps. Cells were counted using a Casy cell counter (Roche
Innovatis AG) and were ready for flow cytometric stainings.
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Flow cytometric analysis
The single lung cell suspensions were stained for T-cell subsets and macrophages/
eosinophils/neutrophils using two different mixes of antibodies for flow cytometry.
Frequencies of effector T cells (CD3+CD4+CD25+Foxp3−) and regulatory T cells
(CD3+CD4+CD25+Foxp3+) were examined using anti-CD3-APC/Cy7 (Biolegend, Fell,
Germany), anti-CD4-PE/Cy7 (Biolegend), anti-CD25-PE (Biolegend), and anti-Foxp3FITC (eBioscience, Vienna, Austria). An appropriate isotype control was used for the
Foxp3 staining (rat IgG2ak-FITC, eBioscience).
Frequencies of alveolar macrophages (autofluorescence+F4/80+CD11c+), activated
alveolar macrophages (autofluorescence+F4/80+CD11c+MHCII+), eosinophils (autofluorescence-F4/80-GR1-MHCII-) and neutrophils (autofluorescence-F4/80-GR1+)
were examined by using autofluorescence in the FITC channel, anti-CD11c-APC/Cy7
(Biolegend), anti-CD11b-Percp/Cy5.5 (Biolegend), anti-CD206-PE (Biolegend), antiMHC class II-Alexa Fluor 700 (Biolegend), anti-F4/80-Pacific Blue (Biolegend), antiICAMI- Alexa Fluor 647 (Biolegend) and anti-GR1-PE/Cy7 (Biolegend).
Approximately 106 cells were incubated with the appropriate antibody mix including
1% normal mouse serum for 30 minutes on ice in the dark. After subsequent washing
of the cells with PBS supplemented with 2% FCS and 5 mM EDTA (PFE), cells were
incubated with FACS lysing solution (BD Biosciences) for 30 minutes on ice. After that,
cells were washed twice with PFE, and resuspended in PFE and kept in the dark on
ice until flow cytometric analysis. The cells stained for T-cell subsets were (instead
of incubation with FACS lysing solution) incubated for 30 minutes with fixation and
permeabilization buffer (eBioscience), and then washed with permeabilization buffer.
Subsequently, the cells were incubated with anti-Foxp3 for 30 minutes and afterwards
washed twice with permeabilization buffer. Cells were resuspended in PFE and kept in
the dark on ice until flow cytometric analysis. The fluorescent staining was measured
on a LSR-II flow cytometer (BD Biosciences) and data were analyzed using FlowJo
Software (Tree Star, Ashland, USA). Examples or our gating strategies can be found in
supplemental figures S1 and S2.

Lung homogenates and cytokines analysis
Snap frozen lung tissue was homogenized by using a Mini-Beadbeater (Biospec,
Bartlesville, OK, USA) for 45 seconds in 50 mM Tris-HCl buffer, containing 150 mM
NaCl, 0.002% Tween-20 (pH 7.5) and a protease inhibitor (Sigma Aldrich). Homogenates were centrifuged at 12000xg for 30 minutes to remove insoluble material.
Supernatants were stored at -80ºC until further analysis.
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Levels of IL-4, IL-12, IL-13, TNFα and IFNγ were measured in lung supernatants by
multiplex ELISA (eBioscience).
Airway hyperresponsiveness
Airway hyperresponsiveness was assessed as described previously18. Briefly, anesthesized (ketamine/domitor) mice were cannulated tracheally and intravenously via the
jugular vein. Mice were attached to a computer-controlled small-animal ventilator
(Flexivent; SCIREQ, Montreal, Quebec, Canada) and ventilated at a breathing frequency of 280 breaths/min and a tidal volume of 10 ml/kg, which was pressure limited at
300 mm H2O. Airway resistance (R in cmH2O.s/mL) in response to increasing doses of
intravenously administered methacholine (acetyl- b-methylcholine chloride, SigmaAldrich) was calculated from the pressure response to a 2-s pseudorandom pressure
wave.

Histology
The trachea was cannulated and both lungs were carefully inflated with 50% TissueTek© O.C.T.Ô compound (Sakura, Finetek Europe B.V., Zoeterwoude, The Netherlands)
in PBS. The right lung was fixed in zinc (JB fixative19) and the left lung was fixed in
formalin and thereafter embedded in paraffin.
The different macrophage subsets were determined in 3 µm formalin-paraffin sections
using standard immunohistochemical procedures. A general macrophage marker,
Mac3 (anti-Mac3, BD Biosciences) was used in combination with phenotype-specific
markers. Numbers of IRF5+ macrophages were determined by double staining of
Mac3 and IRF5 (anti-IRF5, ProteinTech Europe, Manchester, UK). YM1+ macrophages
were identified by double staining of Mac3 and YM1 (anti-mECF-L, R&D Systems,
Oxon, UK), and IL-10+ macrophages were identified by double staining of Mac3 and
IL-10 (Hycult, Uden, The Netherlands). Double-positive cells were counted manually
in parenchymal lung tissue. Numbers were corrected for the total area of lung tissue
section as measured by morphometric analysis using Aperio ImageScope viewing
software 11.2.0.780 (Aperio, Vista, USA).
Airway fibrosis and remodeling was assessed by presence of collagen I and III, and
α-smooth muscle actin, respectively. Zinc-fixed paraffin sections were stained with
anti-type I collagen antibody in combination with anti-type-III collagen antibody (both
SouthernBiotec, Birmingham, AL, USA), and anti-α-smooth muscle actin antibody
(α-SMA, Sigma-Aldrich). Collagen I and III around the airways, and α-SMA layer
directly adjacent to the airway epithelium were quantified in the total lung section
by morphometric analysis. The surface of positively stained area was expressed as
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μm2 per mm airway in the total lung section. Staining in the parenchyma and directly
adjacent to blood vessels was excluded.

Statistical Analysis
Data are represented as mean ± standard error of the mean. To determine the normality of the data the D’Agostino & Pearson omnibus normality test was used. Data
were log transformed to fit a normal distribution when not normally distributed.
Differences between groups were tested using a one-way ANOVA followed by Sidak’s
multiple comparisons test to compare healthy vs. HDM+ vehicle and HDM+ vehicle
vs. HDM+ cynaropicrin. P-values <0.05 were considered to be statistically significant.

Results
Treatment with cynaropicrin dampens HDM-induced allergic lung
inflammation
To assess the therapeutic potential of modulating YM1+ macrophages, we tested
whether inhibition of alternative activation by cynaropicrin would affect induction
of allergic lung inflammation and whether it would diminish an exacerbation in
already established allergic lung inflammation. The presence of eosinophils, (MHCIIexpressing) macrophages, T cell subsets and Th2-related cytokines was examined in
lung tissue and BALF to assess allergic lung inflammation.
HDM exposure induced higher numbers of eosinophils, (MHCII-expressing) macrophages (figure 2A, 2C and 2E), CD4+ T cells, effector T cells, regulatory T cells in lungs
as compared healthy controls (table 1). Inhibition of alternative activation during
induction of allergic lung inflammation reduced numbers of eosinophils and resulted
in less expression of MHCII on macrophages. Total numbers of macrophages, CD4+ T
cells, effector T cells and regulatory T cells were not affected by cynaropicrin treatment.
In mice with established allergic lung inflammation that were treated with cynaropicrin afterwards, similarly low numbers of eosinophils were found in lungs as compared
to vehicle-treated HDM-exposed mice (figure 2B). Total numbers of macrophages (figure 2D), CD4+ T cells, effector T cells and regulatory T cells (table 1) were not affected
by cynaropicrin treatment in established allergic lung inflammation, but macrophages
were found to express less MHCII after treatment (figure 2F).
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Figure 2. Cynaropicrin treatment dampens HDM-induced eosinophilic inflammation and macrophage activation. Number of eosinophils (A and B), numbers of alveolar macrophages (C and D) and expression of MHC
class II on alveolar macrophages (E and F) in lungs of healthy mice, vehicle-treated HDM-exposed mice and
HDM-exposed mice treated with cynaropicrin during (left) and after (right) induction of allergic lung inflammation.

Higher levels of YM1+ macrophage-related cytokines YM1, IL-4, and IL-13 were
found after two weeks of HDM-exposure as compared to healthy controls (table 2).
Cynaropicrin-treatment resulted in lower levels of YM1 in BALF and IL-13 in lungs of
mice that were treated during induction of allergic lung inflammation.
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Table 1. T cells in lungs and BALF of healthy mice, vehicle-treated HDM-exposed mice and HDM-exposed
mice treated with cynaropicrin during and after induction of allergic lung inflammation. Data are presented as
mean± standard error of the mean and cell numbers are presented as *105 cells. *p<0.05 and ***p<0.001 as
compared to healthy mice. #p<0.05 HDM + vehicle versus HDM + cynaropicrin.
Inhibition of alternative activation
during induction
of allergic lung inflammation
Healthy

Inhibition of alternative activation
after induction
of allergic lung inflammation

HDM+ Vehicle

HDM+
Cynaropicrin

HDM+
Vehicle

HDM+
Cynaropicrin

CD4+ T cells
2.57
(number of cells/lung) (± 0.28)

8.89 ***
(± 1.44)

5.88
(± 0.51)

4.30 **
(± 0.35)

4.28
(± 0.36)

Regulatory T cells
0.11
(number of cells/lung) (± 0.02)

0.81 ***
(± 0.16)

0.47
(± 0.04)

0.43 *
(± 0.04)

0.45
(± 0.09)

Effector T cells
0.38
(number of cells/lung) (± 0.08)

1.47 *
(± 0.29)

1.06
(± 0.17)

0.93 ***
(± 0.08)

0.96
(± 0.08)

In mice with established allergic lung inflammation higher levels of YM1 in BALF were
observed after an exacerbation, but IL-4 and IL-13 levels were similar as in lungs of
healthy controls. Cynaropicrin treatment of mice with established allergic lung inflammation did not affect levels of YM1, IL-4 and IL-13 (table 2).

Table 2. Th2-related and Th1-related cytokines in lungs of healthy mice, vehicle-treated HDM-exposed mice
and HDM-exposed mice treated with cynaropicrin during and after induction of allergic lung inflammation.
Data are presented as mean± standard error of the mean. *p<0.05 and ***p<0.001 as compared to healthy
mice. #p<0.05 HDM + vehicle versus HDM + cynaropicrin.
Inhibition of alternative activation
during induction
of allergic lung inflammation

Inhibition of alternative activation
after induction
of allergic lung inflammation

Healthy

HDM+ Vehicle

HDM+
Cynaropicrin

HDM+
Vehicle

HDM+
Cynaropicrin

YM1 in BALF
(μg/mL)

0.29
(± 0.02)

81.9 ***
(± 6.8)

56.3 #
(± 10.3)

19.5 **
(± 5.5)

14.0
(± 1.7)

IL-13
(pg/g lung tissue)

3.8
(± 2.2)

7.3 *
(± 1.1)

5.0 #
(± 0.3)

2.9
(± 0.6)

4.2
(± 0.7)

IL-4
(pg/g lung tissue)

1.5
(± 0.6)

3.3 *
(± 0.4)

2.8
(± 0.4)

1.7
(± 0.3)

2.3
(± 0.4)

IL-12
(pg/g lung tissue)

0.62
(± 0.07)

1.11 ***
(± 0.31)

1.52 #
(± 0.19)

0.77
(± 0.06)

0.89
(± 0.10)

IFNγ
(pg/g lung tissue)

0.94
(± 0.15)

1.60 *
(± 0.15)

2.52 #
(± 0.92)

1.38 *
(± 0.04)

1.34
(± 0.09)

TNFα
(pg/g lung tissue)

2.1
(± 0.35)

3.0 *
(± 0.25)

6.9 #
(± 2.8)

2.6
(± 0.27)

2.8
(± 0.54)

Th2-related cytokines

Th1-related cytokines
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Figure 3. Cynaropicrin treatment changes the balance in macrophage phenotypes. The number of YM1+Mac3+
macrophages (A and B), IRF5+Mac3+ macrophages (C and D) and IL-10+Mac3+ macrophages (E and F) in lungs
of healthy mice, vehicle-treated HDM-exposed mice and HDM-exposed mice treated with cynaropicrin during (left) and after (right) induction of allergic lung inflammation. Representative photos of the YM1+Mac3+,
IRF5+Mac3+ and IL-10+Mac3+ double stainings are shown on the right. Nuclear counter staining was not used
to maximize visibility of double-positive cells (magnification 200x).
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Treatment with cynaropicrin changes the balance in predominant macrophage
phenotypes
Since cynaropicrin treatment inhibits alternative activation of macrophages, but total
macrophage numbers were not affected, the presence of different macrophage phenotypes was studied. To identify different phenotypes of macrophages, lung tissue
was stained for a general macrophage marker (Mac3) in combination with YM1, IRF5,
or IL-10.
HDM-exposed mice had more YM1+ macrophages in lungs than healthy controls
(figure 3A and 3B). Cynaropicrin-treatment only resulted in lower numbers of YM1+
macrophages in lungs of mice treated during induction of allergic lung inflammation
(figure 3A). Treatment of mice with established allergic lung inflammation did not
affect YM1+ macrophage numbers (figure 3B). Higher numbers of IRF5+ macrophages
were observed after HDM-exposure, but even more IRF5+ macrophages were found
in mice treated with cynaropicrin during and after induction of allergic lung inflammation (figure 3C and 3D). IL-10+ macrophage numbers were lower in lungs from mice
with allergic lung inflammation. Treatment of allergic mice with cynaropicrin during
or after induction of inflammation did not affect numbers of IL-10+ macrophages
(figure 3E and 3F).

Treatment with cynaropicrin results in neutrophilic lung inflammation
Cynaropicrin-treatment resulted in more IRF5+ macrophages, suggesting that a different type of inflammation is induced. We further studied the lung inflammation
and found higher numbers of neutrophils in HDM-exposed mice, but even more
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Figure 4. Cynaropicrin treatment results in neutrophilic inflammation. Number of neutrophils in lungs of
healthy mice, vehicle-treated HDM-exposed mice and HDM-exposed mice treated with cynaropicrin during
(A) and after (B) induction of allergic lung inflammation.
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neutrophils were observed in lungs of mice that were treated with cynaropicrin both
during and after induction of allergic lung inflammation (figure 4A and 4B).
Furthermore, cytokines were measured in lung tissue and we found higher levels of
IRF5+ macrophage-related cytokines IL-12, IFNγ and TNFα in lungs of HDM-exposed
mice as compared to healthy controls (table 2). Cynaropicrin-treatment during induction of allergic lung inflammation resulted in even higher levels of IL-12, IFNγ and
TNFα as compared to HDM-exposed vehicle-treated mice. Cytokine levels in lung
tissue, except for IFNγ levels, of mice after an exacerbation were low and similar to
healthy controls.

Treatment with cynaropicrin worsened airway hyperresponsiveness
Inhibition of alternative activation by cynaropicrin dampened eosinophilic lung inflammation, but induced neutrophilic lung inflammation. However, both eosinophilic
and neutrophilic lung inflammation can be accompanied by airway hyperresponsiveness. Therefore, we were interested whether or not the airway hyperresponsiveness
would be affected by cynaropicrin-treatment.
HDM exposure induced a dose-dependent increase in airway hyperresponsiveness to
methacholine, which was higher as compared to PBS-exposed controls (figure 5A and
5B). Cynaropicrin-treatment, both during and after induction of allergic lung inflammation, increased airway hyperresponsiveness to methacholine even further.
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6. Cynaropicrin treatment results in less airway fibrosis. The area of α-smooth muscle actin (A and B)
and collagen I and III (C and D) around the airways of healthy mice, vehicle-treated HDM-exposed mice and
HDM-exposed mice treated with cynaropicrin during (left) and after (middle) induction of allergic lung inflammation. Representative photos of α-smooth muscle actin and collagen I and III stainings with nuclear counter
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Treatment with cynaropicrin results in less airway fibrosis
In order to shed some more light on the mechanism behind the worsening of airway
hyperresponsiveness after inhibition of alternative activation, we studied the effect of
cynaropicrin-treatment on airway remodeling and fibrosis.
Lung tissue of HDM-exposed mice showed more airway remodeling than lung tissue
of control mice as reflected by a thicker layer of α-smooth muscle actin (α-SMA) and
more collagen I and III deposition around the airways (figure 6A-D). Cynaropicrintreatment both during and after induction of allergic lung inflammation did not affect
the thickness of α-SMA layer, but did affect collagen deposition. Cynaropicrin-treated
mice had significantly less collagen-I and –III deposited around their airways.

Discussion
This study reveals an important dual role of YM1+ macrophages in allergic lung
inflammation. Alternatively activated macrophages are present in high numbers in
lungs of humans and mice with allergic lung inflammation4,8,12,13,20, but their role in
the disease remains controversial. By investigating the inhibition of alternative activation during and after development of allergic lung inflammation in mice, we found
that YM1+ macrophages contribute to both induction and progression of eosinophilic
lung inflammation, but protect against development of neutrophilic inflammation. In
addition, YM1+ macrophages contribute to airway remodeling, but thereby protect
against the development of more severe airway hyperresponsiveness.
The administration of cynaropicrin, as an inhibitor of alternative activation, during and
after induction of allergic lung inflammation dampened eosinophilic lung inflammation. These findings further substantiate previous findings that showed participation
of YM1+ macrophages in T helper 2-mediated inflammatory diseases. We showed
that the transfer of in vitro differentiated YM1+ macrophages into the airways of male
asthmatic mice aggravated lung inflammation12. A study by Ford et al. showed that
intraperitoneal injection of IL-4Rα-positive macrophages was sufficient to increase
the allergic inflammatory response in the lung15. In a model of fungus-induced allergic
airway disease, Moreira et al. showed that transfer of IL-4/IL-13-stimulated macrophages into the lungs of mice enhanced both inflammation and collagen deposition
as compared to asthmatic mice not treated with macrophages14.
In contrast, Nieuwenhuizen et al. demonstrated that YM1+ macrophages are not
necessary for allergic airway disease and may only be an association as a result
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of the elevated Th2 response16. They showed that airway hyperesposniveness,
remodeling and eosinophilic inflammation were not affected by decreased development of YM1+ macrophages by using LysMcre mice with macrophage-restricted 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 precursors21. In addition, it was found that alternatively
activated macrophages derived from monocytes or from tissue macrophages are phenotypically and functionally distinct22. Combining these findings, it seems likely that
in particular YM1+ macrophages that are newly derived from either proliferation or
recruited monocytes are the active contributors to the disease rather then the mature
YM1+ resident macrophages that do not contribute to allergic lung disease. Since
cynaropicrin can inhibit alternative activation of macrophages with IL-4 and IL-1317,
thus affecting both newly derived and resident macrophages, this may explain why we
do find significant effects of inhibition of development of YM1+ macrophages.
Our method of inhibiting alternative activation involved intranasal administration
of cynaropicrin, a galectin-3 pathway inhibitor. Activation of the galectin-3/CD98/
PI3K-pathway has previously been shown to be required for polarization into YM1+
macrophages. Cynaropicrin specifically inhibits the development of YM1+ macrophages and does not affect other macrophage phenotypes17. It is, however, unknown
how cynaropicrin influences other cells in the lung that express galectin-3. In basal
conditions a variety of cells express galectin 3, including macrophages, dendritic and
epithelial cells23,24. Galectin-3 in epithelial cells enhances proliferation25 and therefore
intranasally administered cynaropicrin could affect proliferation of airway epithelium.
We did not investigate whether the proliferation of epithelial was affected by cynaropicrin treatment, but we did not observe any obvious epithelial changes in the
histological sections of lung tissue. In addition, the expression pattern of galectin-3 is
different in an inflammatory environment such as lungs of allergic mice26. In lung tissue of these mice it was shown that macrophages are the major cell type expressing
galectin-3. This may suggest that intranasal cynaropicrin treatment will mostly affect
macrophages in mice with HDM-induced inflammation.
Even though cynaropicrin does not directly affect other macrophage phenotypes, we
found higher numbers of IRF5+ macrophages, more neutrophils and higher levels of
IL-12 in allergic mice that were treated with cynaropicrin as compared to untreated
allergic mice. Other studies have found similar changes. Nieuwenhuizen et al. showed
this shift towards the induction of IRF5+ macrophages after blocking signaling for
YM1+ macrophage development16. Similarly, another study showed that ovalbumin
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sensitization and challenge of IL-4 receptor knockout mice increased the number
of IFNγ- and TNFα- producing macrophages and neutrophilic inflammation27, and
Moreira and colleagues found higher levels of type 1 cytokines after treatment of
allergic mice with an inhibitor of alternatively activated macrophages. Thus, our data
and those of others suggest that YM1+ macrophages contribute to eosinopilic lung
inflammation, but inhibition of alternative activation during HDM exposures results
in more classical activation of macrophages with neutrophilic inflammation. Therefore, inhibition of alternative activation does not appear to be a valid therapeutic
option. We have shown here and previously that higher numbers of YM1+ and IRF5+
macrophages and lower numbers of IL-10+ macrophages characterize allergic lung
inflammation13,20. It may therefore be beneficial to re-instate a homeostatic balance in
a different way. Increasing the number of IL-10+ macrophages to achieve homeostatic
balance may be different therapeutic option to explore instead.
The most striking observation in our study is the apparent disconnect between airway
hyperresponsiveness and the amount of collagen remodeling around the airways.
Airway hyperresponsiveness is associated with airway smooth muscle hyperplasia
as demonstrated, in this study and by others, by a thicker α-SMA layer and more
collagen deposition around the airways28–30. Our data now demonstrate that this collagen deposition appears to protect the airways from even worse contractility. These
findings are partly in accordance with Moreira et al, who found less expression of
fibrotic markers (i.e. fibrogen, collagen III and fibronectin) in allergic mice treated
with an inhibitor of alternatively activated macrophages, but in their study this was
associated with less airway hyperresponsiveness to one dose of methacholine (420
μg/kg)14. In our study, we exposed the mice to increasing doses of methacholine (up
to a maximum of 800 μg/kg) to visualize the responsiveness of the airways more
extensively and we found most pronounced effects with the highest dose, which may
account for the different outcome. A study that compared males and females with
allergic airway inflammation had similar findings as we had. The males had lower collagen content and a lower portion of α-SMA in the lungs than females, but they found
that airway hyperresponsiveness to methacholine was higher in males as compared to
females31. The authors concluded that the airway hyperresponsiveness is influenced
by additional mechanisms, which are not necessarily related to remodeling, such as
vagal reflex pathways. Our data, however, suggest that collagen deposition around
the airways, which may contribute to stiffening, can protect against worsening of
airway hyperresponsiveness.
As YM1+ macrophages are associated with fibrosis, the decrease in collagen deposition may be directly linked to the inhibition of alternative activation7,32. Therefore,
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we measured TGF-β levels, as an important mediator produced by profibrotic macrophages and a major stimulator of collagen production in the lung tissue, but no
differences were found between the untreated and treated HDM-induced allergic
mice (data not shown)33. Another explanation for less collagen in our model could be
the high presence of IRF5+ macrophages and its association with resolution of fibrosis
through production of matrix metalloproteinases that can degrade collagens34.
In conclusion, this study demonstrates an important dual role for YM1+ macrophages
in the induction and progression of allergic lung inflammation. YM1+ macrophages
contribute to both induction and progression of allergic eosinophilic lung inflammation and airway remodeling. However, inhibition of alternative activation as a
therapeutic intervention for asthma has unfortunate consequences as this shifted the
balance towards more IRF5+ macrophages and neutrophilic lung inflammation and
development of more severe airway hyperresponsiveness.
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Figure S2. Gating strategy of CD4+ T cells, effector T cells and regulatory T cells.
145

Chapter

7

PGE2-treated macrophages inhibit
development of allergic lung
inflammation in mice

Christina Draijer1,2
Carian E. Boorsma1,2
Catharina Reker-Smit1
Eduard Post1
Klaas Poelstra1
Barbro N. Melgert1,2
1

Department of Pharmacokinetics, Toxicology, and Targeting, Groningen Research

Institute for Pharmacy, University of Groningen, Groningen, The Netherlands
2

GRIAC Research Institute, University Medical Center Groningen, University of

Groningen, Groningen, The Netherlands
Published in Journal of Leukocyte Biology, 2016

Chapter 7

Abstract
In healthy lungs many macrophages are characterized by interleukin(IL)10 production and few are characterized by expression of interferon regulatory factor 5 (IRF5)
(formerly M1) or YM1 and/or CD206 (formerly M2), while in asthma this balance
shifts towards few producing IL10 and many expressing IRF5 or YM1/CD206. In this
study we tested whether redressing the balance by reinstating IL10 production could
prevent house dust mite (HDM)-induced allergic lung inflammation.
Prostaglandin E2 (PGE2) was found to be the best inducer of IL10 in macrophages in
vitro. Mice were then sensitized and challenged to HDM during a 2-week protocol
while treated with PGE2 in different ways. Lung inflammation was assessed 3 days
after the last HDM challenge.
HDM-exposed mice treated with free PGE2 had fewer infiltrating eosinophils in
lungs and lower YM1 serum levels than vehicle-treated mice. Macrophage-specific
delivery of PGE2 did not affect lung inflammation. Adoptive transfer of PGE2-treated
macrophages led to fewer infiltrating eosinophils, macrophages, (activated) CD4+ and
regulatory T lymphocytes in lungs.
Our study shows that redirecting macrophage polarization by using PGE2 inhibits
development of allergic lung inflammation. This beneficial effect of macrophage
repolarization is a novel avenue to explore for therapeutic purposes.
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Introduction
Allergic asthma is a prevalent disease of the airways characterized by chronic inflammation of the airways with infiltration of eosinophils, Th2 lymphocytes and the
presence of alternatively activated macrophages [1–6]. The role of macrophages in
the development and progression of asthma has been a hot topic of late. Alveolar
macrophages were shown to be derived from embryonic progenitors, as opposed to
circulating monocytes (and thus hematopoietic stem cells), and were shown to selfmaintain during steady-state conditions [7–9]. This led to studies investigating the
origin of macrophages during allergic inflammation that characterizes asthma [10,
11]. These studies indicate that immediately after allergen exposure, monocytes are
recruited to the lung and may develop into alveolar macrophages. At later time points
though, resident alveolar macrophages proliferate and constitute the main component of the alveolar macrophage pool. In addition, some recent and older studies
have also highlighted the importance of resident alveolar macrophages in the maintaining homeostasis in lung tissue and immigrating monocyte-derived macrophages
in contributing to allergic inflammation [10–13]. The picture that arises is one of fast
recruitment of monocytes after allergen exposure to fight the perceived dangers of
the allergen with consequently inflammation and subsequent expansion of alveolar
macrophages to restore homeostasis. In asthma, however, this homeostasis is not
achieved.
For yet unknown reasons the Th2-type inflammation persists giving rise to eosinophil
infiltration and switching of macrophages to an alternatively activated phenotype by
the high presence of cytokines like IL4 and IL13 [14]. Macrophages can be polarized
into many different phenotypes that are hard to define in vivo [15, 16]. We have
previously shown that many macrophages in healthy lungs are characterized by production of IL10 and few are characterized by expression of IRF5 (classically activated
macrophages or formerly known as M1) or YM1 and/or CD206 (alternatively activated
macrophages or formerly known as M2), while in asthma this balance shifts towards
few producing IL10 and many expressing IRF5 or YM1/CD206 [1, 4, 5, 17]. This finding
suggested to us it would perhaps be possible to re-instate homeostatic behavior of
macrophages by inducing IL10 production in macrophages in vivo in lung tissue and
thereby treat allergic lung inflammation. In order to do this we first investigated what
stimulus could effectively induce IL10 production in macrophages and this proved to
be PGE2. We then continued with several ways of offering PGE2 to lung macrophages
in mice to study its effect on the development of house dust mite (HDM)-induced
allergic lung inflammation, i.e. intranasal treatment with free PGE2, intranasal treatment with PGE2 coupled to mannosylated albumin for macrophage-specific uptake,
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and intratracheal adoptive transfer of PGE2-treated macrophages. In addition, we
also studied whether inducing homeostatic behavior in hematopoietic stem cellderived macrophages differed from resident lung macrophages with respect to their
effects on development of allergic lung inflammation to investigate if macrophage
origin could influence their homeostatic behavior.

Materials and methods
Animals
Female BALB/cOlaHsd mice aged 6-8 weeks were purchased from Harlan (Horst,
The Netherlands). DO11.10 T cell TCR-transgenic mice were bred and maintained at
the Central Animal Facility of the University of Groningen. The mice were housed in
groups of 4 and had ad libitum access to water and food. The Institutional Animal Care
and Use Committee of the University of Groningen approved these experiments (application numbers 6272A, 6272B, 6272C, and 6272F), which were performed under
strict governmental and international guidelines.

Macrophage cell line RAW264.7 cultures
Murine RAW264.7 macrophages (passage 3, ATCC, Rockville, MD) were cultured in
Dulbecco’s modified Eagles Medium (DMEM + pyruvate, Invitrogen, Carlsbad, CA),
supplemented with 10% fetal calf serum (FCS, Invitrogen, Bleiswijk, the Netherlands),
4,5 g/L glucose (Biowhittaker BE12-604F), 2 mM L-glutamine (Gibco®, Life Technologies, Bleiswijk, the Netherlands), and 11 mg/l gentamicine (Gibco®). Cells were used
between passage 5 and 15.

Synthesis of mannosylated human serum albumin (HSA)
52.7 µmol (14.3 mg) p-aminophenyl-α-D-mannopyranoside (Sigma) was dissolved in
4 ml 80% ethanol and was allowed to react with 50 µl thiophosgene (Sigma) for 1.5
hours at room temperature, followed by 2.5 hours under nitrogen atmosphere. After
this, 4 ml H20 was added and the pH was set to 6 using 1 N NaOH. Subsequently, the
solvent was removed using a rotary evaporator (p=0 mbar, T=60˚C). The residue was
dissolved in 3 ml 0.1 M sodium carbonate buffer pH 9.0 and added slowly to 2.1 µmol
(0.14 g) HSA (Sanquin, Amsterdam, the Netherlands; freeze-dried after being dialyzed
against ultrapure water 4 times) in 12 ml of the same buffer. The mixture was allowed
to stir for 18 hours at room temperature.
The mixture was dialyzed against PBS using 30 kDa Amicon centrifuge tubes (Millipore, Amsterdam, the Netherlands) for 20 min at 8˚C and 3000 rpm. The residue was
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resuspended in PBS and dialyzed again twice. The subsequent residue was purified
by size-exclusion chromatography using a Superdex 200 column on an Äkta System
(GE Healthcare, Uppsala, Sweden) to isolate the monomeric form of the mannosylated protein. The eluate was extensively dialyzed against ultrapure water. The final
product was freeze-dried overnight for long-term storage at -20˚C and was identified
by matrix-assisted laser desorption/ionisation – time-of-flight (MALDI-TOF) analysis.

Synthesis of PGE2-Mannose-HSA
17 µmol (6 mg) PGE2 (Cayman Chemical Company) was dissolved in 400 µl dimethylformamide (DMF, Sigma). Additionally, 21 µmol (4.32 mg) dicyclohexylcarbodiimide
(DCC; Sigma) and 21 µmol (2.4 mg) N-hydroxysuccinimide (NHS; Pierce, Rockford, Illinois) were dissolved separately in DMF at a concentration of 10 mg/ml. First, the DCC
solution was added to the PGE2 solution slowly. Then, the NHS solution was added
drop-wise and the solution was mixed after each drop. The mixture was additionally
mixed for another 45 minutes.
0.36 µmol (25.4 mg) mannosylated HSA was dissolved in PBS at the concentration of
10 mg/ml. The PGE2 reaction mixture was added to the mannosylated HSA solution
slowly and was allowed to react overnight at room temperature.
The reaction product was dialyzed extensively against PBS using a dialyzing membrane (ThermoScientific Slide-A-Lyzer, 10 kDa). The subsequent reaction product was
purified by size-exclusion chromatography using a Superdex 200 column as described
for mannosylated HSA. The eluate was extensively dialyzed against PBS using 30 kDa
Amicon centrifuge tubes. The reaction product was identified by MALDI-TOF analysis.

MALDI-TOF analysis of mannosylated HSA and PGE2 coupled to mannosylated
HSA
Mannosylated HSA and PGE2-mannose-HSA were characterized by MALDI-TOF
(Voyager-DE PRO, Applied Biosystems, Bleiswijk, the Netherlands). The samples
were analyzed in a concentration of 10 mg/ml in a mixture of 2 mg 3,5-dimethoxy4-hydroxycinnamic acid (SA) / 0.1% trifluoroacetic acid / 50% acetonitrile. Bovine
serum albumin and unmodified HSA were used as internal standards. The number of
mannose residues coupled was calculated by subtracting the mass of HSA from the
mass of the mannosylated HSA and dividing this number by the mass of the mannose
residue plus its linker molecule. The number of PGE2 residues coupled was calculated
similarly using the mass of the mannosylated HSA to subtract from the PGE2 conjugate.
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Induction and analysis of IL10
For IL10 induction, RAW264.7 macrophages were plated in 12 wells plates with
50.000 cells per well and stimulated for 48 h with 10 ng/ml LPS (Sigma Aldrich), 10 μM
PGE2 (Cayman Chemical Company), or 100 μM adenosine (Sigma). During the last 16
hours, 3 μg/ml brefeldin (eBioscience, San Diego, CA) was added to prevent release
of IL10 from cells. After 48 hours of incubation, cells were detached from the wells by
incubating in phosphate-buffered saline (PBS) with 4 mg/ml lidocaine HCl (Sigma), 10
mM ETDA (Sigma) and 10% FCS at room temperature for 15 min. Cell were washed
twice with PBS with 2% FCS and 5 mM EDTA (PFE) at 4 °C and subsequently fixed and
permeabilized at 4 °C for intracellular IL10 staining using a fix/perm kit from eBioscience. After washing with permeabilization buffer, cells were incubated in the dark at
4 °C for 30 min with phycoerythrin (PE)-labeled anti-murine IL10 (eBioscience) diluted
1:100 in PFE with 2% normal mouse serum. After washing with permeabilization buffer, cells were resuspended in PFE and subsequently analyzed using a BD Facsarray
(BD Biosciences, Breda, The Netherlands). Data were analyzed using FlowJo Software
(Tree Star, Ashland, USA). A Fluorescent Minus One (FMO) control was included for
proper gating during data analyses.

In vitro testing of bioactivity of PGE2 coupled to mannosylated HSA
RAW 264.7 macrophages (25,000 cells/well) were plated in 24 wells plates and stimulated with 100 µg/ml, 10 µg/ml and 1 µg/ml PGE211-mannose10-HSA or free PGE2 in
equimolar concentrations (72 nM, 7,2 nM and 0,72 nM) for 48 hours. As controls, 100
µg/ml, 10 µg/ml and 1 µg/ml mannose10-HSA or HSA were added to the cells. After
48 hours of incubation flow cytometric analysis of IL10 expression was performed as
described for the induction of IL10 expression above.

Effects of PGE2 and PGE211-mannose10-HSA in a murine model of asthma
Female Balb/c Mice (n=4 per group) were exposed intranasally to whole body house
dust mite (HDM) extract (Dermatophagoides pteronyssinus, Greer laboratories,
Lenoir, USA) according to a 14-day model [4]. Briefly, mice were anesthetized with
isoflurane and received a sensitization dose of 100 μg HDM in 40 μl PBS on day 0
and were challenged with 10 μg HDM in 40 μl on day 7-11 to induce allergic lung
inflammation. Mice exposed to 40 μl PBS according to the HDM protocol served as
healthy controls (n=8).
The mice were treated on day 7, 9 and 11 with either PGE2(11)-mannose10-HSA in three
different concentrations (1,85 mg/kg, 3,70 mg/kg and 7,40 mg/kg), or with free PGE2
in the same molar concentrations (0,10 mg/kg, 0,20 mg/kg and 0,40 mg/kg). As a
control, one group received mannose-HSA without PGE2 coupled to it. They were
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given the same molar concentration mannose-HSA as in the highest PGE2-mannoseHSA treated group (7,0 mg/kg mannose-HSA). Additionally, as a control, one group
was treated with PBS. All treatments were administered intranasally in a volume of 37
µl directly after the HDM challenge of that day. Mice were sacrificed on day 14 of the
protocol. A flow chart of the experiment is depicted in figure 1A.
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Figure 1A: The percentage of RAW 264.7 macrophages expressing IL10 is significantly higher after being stimulated with 10 μM PGE2 as compared to nonstimulated controls (n=8). Stimulation with 10 ng/ml lipopolysaccharide (LPS) or 100 μM adenosine did not result in more macrophages expressing IL-10 (n=3). **P<0.01
using a Kruskal-Wallis test followed by a Dunn’s multiple comparisons test comparing the different treatment
groups vs. control.
Figure 1B: The percentage of RAW 264.7 macrophages expressing IL10 is significantly higher after being
stimulated with increasing amounts PGE2 or with equimolar increasing amounts of PGE2 coupled to mannosylated human serum albumin (PMH) as compared to nonstimulated controls (n=7). Equimolar amounts of
mannosylated human serum albumin (Man-HSA) did not affect the number of IL10-expressing macrophages
(n=7). *P<0.05, ***p<0.001 using a Kruskal-Wallis test followed by a Dunn’s multiple comparisons test comparing the different treatment groups vs. control.

The left lung lobe was collected to isolate lung cells from digested lung for flow cytometry and the right lung was inflated with 0.5 mL 50% Tissue-Tek O.C.T. compound
(Sakura, Finetek Europe B.V., Zoeterwoude, The Netherlands) in PBS and zinc-fixed for
histological analyses.
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Effects of adoptive transfer of PGE2-treated lung and bone-marrow-derived
macrophages in a murine model of asthma
To investigate the effects of adoptive transfer of PGE2-treated embryonic/lung-derived
versus hemopoietic macrophages on development of allergic lung inflammation, mice
were exposed to HDM in combination with adoptive transfer of macrophages. Female
Balb/c mice (n=4 per group) were sensitized to HDM intranasally with 100 μg whole
body HDM extract in 40 μl PBS on day 0. Control mice received only PBS. On day 6,
control mice received 50 μl PBS intratracheally and HDM-exposed mice received PBS,
0.15 106 unstimulated, or 0.15 106 PGE2-treated alveolar or bone-marrow-derived
macrophages in 50 μl of PBS intratracheally. On day 7-11, control mice were subsequently challenged intranasally with 40 μl PBS and the other groups were challenged with 10 μg HDM in 40 μl PBS to induce allergic lung inflammation. Mice were
sacrificed on day 14 and the left lung was collected for flow cytometry. The right lung
was inflated with 50% Tissue-Tek© O.C.T.Ô compound (Sakura, Finetek Europe B.V.,
Zoeterwoude, The Netherlands) in PBS and fixed in zinc for histology. A flow chart of
the experiment is depicted in figure 1B.

Culture of PGE2-treated bone marrow-derived and lung macrophage subsets
Bone marrow-derived macrophages: These were cultured from bone marrow of
control mice with 10 ng/ml M-CSF (Peprotech, Hamburg, Germany) as described by
us before [3]. In short, bones of hind legs were removed and placed in petri dish
with PBS. The ends of the femur and tibia were cut and both bones were flushed
using a 23-G needle on a 5 mL syringe. Bone marrow was filtered through a 70 μm
filter. Incubation with 10 times diluted Pharmlyse (BD Biosciences) was performed to
remove contaminating erythrocytes. The cells were washed twice in PFE buffer and
were then resuspended in culture medium supplemented with M-CSF. After 24 hours,
nonattached cells were washed off and after 4 days fresh M-CSF was added. After 6
days of culturing, mature macrophages were ready for PGE2 stimulation.
Lung macrophages: These were isolated from lung tissue of control mice by dissociating lung tissue and magnetic bead isolation. In brief, lungs were minced and incubated
for 45 min at 37 oC in a shaking waterbath in RPMI medium (Lonza, Verviers, Belgium)
supplemented with 10% fetal bovine serum (Lonza), DNAse I (10 μg/ml; Roche Applied
Science, Almere, The Netherlands), and collagenase I (0.66 mg/ml; Sigma-Aldrich).
Purified vital lung cells were obtained by first passing the digested lung tissue through
a 70 μm nylon strainer and then through a 35 μm nylon strainer. Macrophages were
then isolated by positive selection using a combination of a CD11c and CD11b isolation kit (Miltenyi Biotec) and multiple rounds of magnetic sorting using an AutoMACS
(Miltenyi Biotec). Positively isolated cells were cultured in DMEM medium (similar
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as for RAW264.7 macrophages) with 10 ng/ml M-CSF for 24 hours at 37 °C to allow
macrophages to attach to the culture dish. Nonattached cells were washed off. After
4 days of culturing with M-CSF, the macrophages were ready for PGE2 stimulation.
PGE2-stimulation: Mature macrophages were cultured for 48 hours with nothing
(M0) or 10 μM PGE2 (MPGE2) and their phenotype was checked by flow cytometry by
staining for CD68-PerCPCy5.5, MHC-II-APC/Cy7 and CD206-A647 (all Biolegend). MPGE2
macrophages were found to have higher expression of mannose receptors and no
upregulation of MHC-II expression as compared to unstimulated macrophages. Macrophages were washed twice with medium to remove PGE2 before adoptive transfer.

Lung digestion for flow cytometric analysis
The left lung was minced and incubated as described for the isolation of alveolar
macrophages. Single cell suspensions were incubated with 10 times diluted Pharmlyse (BD Biosciences, Breda, The Netherlands) to remove contaminating erythrocytes.
Cells were centrifuged through 70 μm strainer caps and counted using a Casy cell
counter (Roche Innovatis AG). Cells were subsequently used for flow cytometry.

Flow cytometric analysis of lung cell suspensions
The single lung cell suspensions were stained for T-cell and macrophage subsets using
a mix of antibodies for flow cytometry.
T lymphocytes: Frequencies of effector T lymphocytes (CD3+CD4+CD25+Foxp3−) and
regulatory T lymphocytes (CD3+CD4+CD25+Foxp3+) were examined using anti-CD3APC/Cy7 (Biolegend, Fell, Germany), anti-CD4-PE/Cy7 (Biolegend), anti-CD25-PE (Biolegend), and anti-Foxp3-FITC (eBioscience, Vienna, Austria). An appropriate isotype
control was used for the Foxp3 staining (rat IgG2a-FITC, eBioscience). Examples or our
gating strategy can be found in supplemental figure S1.
Approximately 106 cells were incubated with the antibody mix including 1% normal
mouse serum for 30 minutes on ice, protected from light. After washing cells with
PBS supplemented with 2% FCS and 5 mM EDTA (PFE buffer), the cells were fixed
and permeabilized for 30 minutes using a fixation and permeabilization buffer (eBioscience). Then cells were washed with permeabilization buffer and incubated with
anti-Foxp3 including 1% normal mouse serum for 30 minutes. Subsequently, the cells
were washed with permeabilization buffer, resuspended in PFE buffer and kept in the
dark on ice until flow cytometric analysis.
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Macrophages: Frequencies of macrophages (autofluorescent+F4/80+) and their
expression of MHCII and CD206 were examined by using autofluorescence in the
FITC channel, anti-F4/80-Pacific Blue (Biolegend), anti-CD206-PE (Biolegend), and
anti-MHC class II-Alexa Fluor 700 (Biolegend). Examples or our gating strategy can be
found in supplemental figure S2.
Approximately 106 cells were incubated with the appropriate antibody mix including
1% normal mouse serum for 30 minutes on ice, protected from light. After washing
the cells twice with PFE buffer, cells were resuspended in FACS lysing solution (BD
Biosciences) and incubated for at least 30 minutes on ice. Subsequently, cells were
washed with PFE buffer and afterwards the cells were kept in the dark on ice until flow
cytometric analysis.
The fluorescent staining of the cells was measured on a LSR-II flow cytometer (BD
Biosciences) and data were analyzed using FlowJo Software (Tree Star, Ashland, USA).

Histology
IL-10+ macrophages were determined in 3 µm zinc-paraffin sections using standard
immunohistochemical procedures. A general macrophage marker, Mac3 (anti-Mac3,
BD Biosciences) was used in combination with IL-10 (Hycult Biotech, Uden, The
Netherlands). Double-positive cells were counted manually in parenchymal lung tissue. Numbers were corrected for the total area of lung tissue section as measured
by morphometric analysis using Aperio ImageScope viewing software 11.2.0.780
(Aperio, Vista, USA).

Effects of coculture of dendritic cells and macrophages on dendritic cell
function
Isolation and culture of dendritic cells: Isolation and culturing protocol of bone marrow dendritic cells was similar as described above for bone marrow macrophages,
except for culture medium. Bone marrow dendritic cells were cultured for 6 days in
RPMI medium (Lonza) supplemented with 10% FCS (Invitrogen), 10 ng/ml GM-CSF
(Peprotech, Hamburg, Germany), 0.05 mM 2-mercaptoethanol (Gibco®), 2 mM Lglutamine (Gibco®), 1 mM sodium pyruvate (Gibco®), 11 mg/l gentamicine (Gibco®)
and 1% penicillin-streptomycin (Gibco®).
Coculture of dendritic cells and macrophages: Mature bone marrow-derived dendritic
cells were cocultured with unstimulated lung macrophages (M0) or PGE2-treated lung
macrophages (MPGE2) for 24 hours in DMEM medium (similar as for RAW264.7 macrophages). Macrophages were precultured for 48 h with 10 μM PGE2 or nothing and
156

PGE2-treated macrophages inhibit asthma

thoroughly washed with medium before addition of dendritic cells. During coculture,
100 μl/mL ovalbumin was added to prepare the dendritic cells for coculture with T
lymphocytes from DO11.10 T cell TCR-transgenic mice. Control coculture wells did not
receive ovalbumin. Before and after coculturing, the phenotype of both macrophages
and dendritic cells was checked by flow cytometry by staining with anti-MHC-II-A700,
anti-CD206-A647, anti-F4/80-PB, anti-CD80-PE, anti-CD86-PE/Cy7, anti-CD40-FITC
and anti-CD11c-APC/Cy7 (all Biolegend).
Isolation of T lymphocytes from DO11.10 T cell TCR-transgenic mice: T lymphocytes
were isolated from the spleens of female DO11.10 T cell TCR-transgenic mice (n=6).
In brief, spleen tissue was passed through a 70-μm nylon strainer (BD Biosciences) to
obtain single cell suspensions. These were incubated with 10 times diluted Pharmlyse (BD Biosciences) to remove contaminating erythrocytes. Cells were centrifuged
through 70 μm strainer caps and counted using a Casy cell counter (Roche Innovatis
AG). T lymphocytes were then isolated by positive selection using a CD4 isolation
kit (Miltenyi Biotec) and multiple rounds of magnetic sorting using an AutoMACS
(Miltenyi Biotec).
Coculture of dendritic cells and T lymphocytes from DO11.10 T cell TCR-transgenic
mice: Isolated DO11.10 CD4+ T lymphocytes were resuspended in RPMI medium
(Lonza) supplemented with 10% FCS (Invitrogen), 0.05 mM 2-mercaptoethanol (Gibco®), 2 mM L-glutamine (Gibco®) and 11 mg/l gentamicine (Gibco®) and seeded into a
round-bottom 96-wells plate (Greiner bio-one, Alphen aan den Rijn, the Netherlands)
at 100,000 cells/well. Cocultured dendritic cells were washed off the macrophage
cultures with medium and were added at 100,000 cells/well for coincubation with
CD4+ T lymphocytes for 48 hours.
T lymphocyte proliferation assay: 50 μl of T lymphocyte medium was taken from each
well after 48 hours of coincubation with dendritic cells. This was snap-frozen and
stored at -80°C for cytokine analysis. This 50 μl of medium was replaced with 50 μl
fresh medium containing 1 μCi 3H-thymidine (PerkinElmer, Zaventem, Belgium). After
18 hours, 3H-thymidine-incorporation was measured using a scintillation counter. A
flow chart of the macrophage-dendritic coculture experiment is depicted in figure 2.

Cytokine assay
Levels of IL4, IL5, IL6, IL10, IL12, IL13, IL17, TNFα and IFNγ were measured in T
lymphocyte medium by multiplex ELISA and a Luminex analyzer, according to the
manufacturer’s recommendations (eBioscience).
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Figure 2: Mice exposed to house dust mite (HDM) and treated with phosphate-buffered saline (PBS) during
HDM exposure have significantly more infiltrating eosinophils in lung tissue (panel A), higher levels of YM1 in
serum (panel B), more CD4+ T lymphocytes (panel C), more activated CD4+ T lymphocytes (panel D), more
regulatory T lymphocytes (panel E), more macrophages (panel F), higher expression of MHCII (panel G) and
CD206 (panel H) on macrophages in lung tissue than healthy control mice. Treatment with 0.4 mg/kg PGE2
resulted in significantly lower eosinophil infiltration in lung tissue and lower levels of YM1 as compared to
PBS-treated animals, but had no effect on the infiltrating T lymphocyte subsets and the number of macrophages in lung tissue or the expression of MHCII and CD206 on these macrophages. **p<0.01, ***p<0.001
using a Kruskal-Wallis test followed by a Dunn’s multiple comparisons test comparing control vs. PBS and PBS
vs. PGE2.
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Statistics
Data are represented as mean ± standard error of the mean. To determine the normality of the data the Shapiro-Wilk normality test was used. Data were log-transformed
to fit a normal distribution when not normally distributed. In case of normal distribution, differences between groups were tested using a one-way ANOVA followed by
Holm-Sidak’s multiple comparisons test. In case of nonnormal distribution, differences
between groups were tested using a Kruskal-Wallis test followed by a Dunn’s multiple
comparisons test. P-values <0.05 were considered to be statistically significant.

Results and discussion
In this study we boosted the anti-inflammatory function of macrophages by stimulating IL10 expression. Our previous studies showed that IL10-expressing macrophages
disappear in lung tissue of human asthmatics and in mouse models of allergic and
nonallergic lung inflammation, while macrophages associated with IL4/IL13 stimulation increase [1, 4, 17 and manuscript submitted]. We therefore incubated RAW264.7
macrophages with a number of substances that have been reported to stimulate IL10
expression in macrophages, namely adenosine, PGE2 and lipopolysaccharide (LPS)
[18–21]. Of these three, PGE2 was the only one that could significantly stimulate IL10
expression in RAW264.7 macrophages, leading to a five-fold increase in the number of IL10-positive macrophages (figure 1A). PGE2 is a well-known anti-asthmatic
compound that has been shown to prevent allergen-induced bronchoconstriction
and inhibit airway hyperresponsiveness and inflammation [22]. These anti-asthmatic
effects were shown to be mediated through E prostanoid receptors 2 and 4 (EP2 and
EP4) on T lymphocytes, monocytes/macrophages, mast cells, and bronchial smooth
muscle cells [23–28]. This wide range of target cells of course presented us with a challenge trying to show anti-inflammatory effects of PGE2 on macrophages specifically.
Therefore, we also studied a more macrophage-specific preparation of PGE2, namely
PGE2 coupled to mannosylated human serum albumin (PMH). We have shown before
that mannosylated albumin is taken up specifically by macrophages expressing the
mannose receptor (CD206) [29]. As macrophages in asthmatic lungs are characterized by high expression of CD206 [1, 17], we coupled PGE2 to mannosylated albumin
for macrophage-specific uptake and possibly macrophage-specific effects. Treating
macrophages with 100 μg/ml PMH induced similar high numbers of IL10 expressing
macrophages as compared to an equimolar amount of free PGE2 (figure 1B). When
lowering the dose of either PMH or free PGE2 tenfold or a hundredfold, we found a
dose-dependent reduction of the number of IL10-expressing macrophages. Macro-
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phages treated with mannosylated HSA in similar concentrations as PMH were not
stimulated to express more IL10 as compared to untreated control macrophages.
Having found that both free PGE2 and PMH could stimulate IL10 expression in macrophages in vitro, we treated mice with three different concentrations of each compound during the induction of allergic lung inflammation to investigate whether they
could dampen inflammation. Exposure to HDM induced significant higher numbers
of eosinophils, (activated) CD4+ T lymphocytes, regulatory T lymphocytes and higher
levels of YM1 in lung tissue as compared to control mice (figure 2A-E). Treatment
with free PGE2 led to a clear and dose-dependent reduction of eosinophils and YM1
in lung tissue, with the highest dose being the most effective. The results presented
in figure 2 show the effects of the highest PGE2 dose of 0.4 mg/kg, the results of the
lower doses can be found in supplemental figures S2A-B. There was no effect of this
PGE2 dose on numbers of the different T lymphocyte subsets. HDM exposure also led
to significantly more macrophages in lung tissue as compared to control (figure 2F)
and these HDM-exposed macrophages expressed more CD206 and MHCII than macrophages from control lung tissue (figures 2G-H). Treatment with 0.4 mg/kg PGE2 did
not affect either numbers of lung macrophages or expressions of CD206 or MHCII on
these macrophages.
Thus, we could confirm that free PGE2 instilled in the lungs had anti-inflammatory potential as was shown in many studies before, but whether this was due to a specific effect on macrophages was unclear. Our macrophage-specific construct of PGE2 coupled
to mannosylated human serum albumin (7.4 mg/kg PMH) induced IL10 expression
significantly in macrophages in vitro, but failed to have any anti-inflammatory effects
in vivo (figures 3A-H). There are several possible explanations for this phenomenon.
The use of mannosylated albumin directs the construct towards uptake through mannose receptors [29], degradation of the construct in lysosomes and potentially to the
release of free PGE2. The receptors for PGE2 are of course on the outside of the
cell and the effectiveness of this approach relies on the PGE2 being released outside
the cell again. Our in vitro experiments showed this does work and PGE2 coupled to
mannosylated albumin can be as effective as free PGE2. However, in vivo distribution
and elimination effects may have impeded its effects. For instance, mature alveolar
macrophages have a much higher expression of mannose receptors than interstitial or
monocyte-derived macrophages [30] and may have scavenged most of the construct
due to their high receptor density and their prime location on the treatment side in
the lungs (the construct was instilled intranasally). This is of relevance because studies
from Zaslona et al. and Gundra et al. have shown that mature alveolar macrophages
protect against allergic lung inflammation whereas, newly derived macrophages from
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Figure 3: Mice exposed to house dust mite (HDM) and treated with phosphate-buffered saline (PBS) during
HDM exposure have significantly more infiltrating eosinophils in lung tissue (panel A), higher levels of YM1 in
serum (panel B), more CD4+ T lymphocytes (panel C), more activated CD4+ T lymphocytes (panel D), more
regulatory T lymphocytes (panel E), more macrophages (panel F), higher expression of MHCII (panel G) and
CD206 (panel H) on macrophages in lung tissue than healthy control mice. Treatment with 7.4 mg/kg PGE2
coupled to mannosylated human serum albumin (PMH, equimolar to 0.4 mg/kg PGE2) did not affect eosinophil, CD4+ T lymphocytes infiltration, number of macrophages in lung tissue or the expression of MHCII and
CD206 on these macrophages in lung tissue. Treatment with 7.4 mg/kg PMH did result in lower levels of YM1
in serum as compared to PBS-treated animals, but this was due to an effect of treatment with empty carrier
mannosylated human serum albumin (Man-HSA), as treatment with an equimolar amount of 7.0 mg/kg ManHSA had the same effect. Treatment with Man-HSA did not affect infiltration of eosinophils, T lymphocytes,
number of macrophages in lung tissue or the expression of MHCII and CD206 on these macrophages. *P<0.05,
**p<0.01, ***p<0.001 using a Kruskal-Wallis test followed by a Dunn’s multiple comparisons test comparing
control vs. PBS, PBS vs. Man-HSA, and Man-HSA vs. PMH.
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either proliferation or recruited monocytes may be promoting development of inflammation [10, 31]. Therefore, the mannose receptor-directed version of PGE2 may
have been scavenged by the cells that do not need to be modified.
The only clear effect the PGE2-construct had, was a reduction in YM1 levels in serum.
YM1 is highly produced by IL4/IL13-stimulated macrophages in lung tissue and we
have found that levels in serum reflect lung tissue well in HDM-induced lung inflammation (data not shown). As mannosylated albumin had the same effect with or without PGE2 being present, this appears to be the result of some interaction of the either
the mannosylated construct with YM1 or the mannose receptor with YM1 production.
To date we have not been able to find any evidence to explain this observation.
As our macrophage-specific PGE2 formulation was not effective, we treated macrophage ex vivo with PGE2 to induce their anti-inflammatory phenotype and adoptively
transferred them into the lungs during the induction of allergic lung inflammation
with HDM. This also gave us the opportunity to test whether macrophages with a
hematopoietic origin would have a different effect compared to lung macrophages
with an embryonic origin. We did not observe any differences between the effects
of lung macrophages or bone marrow-derived macrophages and we therefore
combined these groups in figure 4. Adoptive transfer of either unstimulated lung
or bone marrow-derived macrophages had very little effect on development of allergic lung inflammation. There was a trend towards more eosinophils infiltrating
lung tissue of HDM-exposed mice that were treated with unstimulated macrophages
as compared to untreated HDM-exposed mice (figure 4A, p=0.06). Treatment with
PGE2-treated macrophages did affect development of HDM-induced inflammation.
Overall less inflammation was seen with less infiltrating eosinophils (trend, p=0.06,
figure 4A) and less infiltrating CD4+ T lymphocytes (figure 4C), with both activated
T lymphocytes and regulatory T lymphocytes being down (figure 4D-E) as compared
to treatment with unstimulated macrophages. In addition, we found a trend towards
less macrophages being present (p=0.08, figure 5A) and a trend towards higher numbers of IL10+ macrophages being present in lung tissue as compared to treatment
with unstimulated macrophages (p=0.15, figure 5B). Other macrophage phenotypes
(i.e. expression of MHCII or CD206, figure 5C-D) had not changed as compared to
treatment with unstimulated macrophages. Thus, this approach inhibited more HDMinduced effects than treatment with free PGE2 and this may have been caused by the
higher levels of PGE2 the adoptively transferred macrophages were exposed to in
vitro or the fact that multiple cell types in the lung are affected by free PGE2, which
may have counterbalanced some of the macrophage-specific effects. These findings
indicate that the lower numbers of the IL10-producing macrophages we have found
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Figure 4: Mice exposed to house dust mite (HDM) and treated with phosphate-buffered saline (PBS) during
HDM exposure have significantly more infiltrating eosinophils in lung tissue (panel A), higher levels of YM1 in
serum (panel B), equal numbers of CD4+ T lymphocytes (panel C), more activated CD4+ T lymphocytes (panel
D), and a trend towards more regulatory T lymphocytes (panel E) in lung tissue than healthy control mice.
Adoptive transfer of untreated (M0) lung macrophages (open circles) or untreated bone marrow (BM)-derived
macrophages (closed triangles) did not affect these parameters except for a trend towards more eosinophils
in lung tissue as compared to PBS-treated animals. Adoptive transfer of PGE2-treated lung or BM-derived
macrophages (MPGE2) resulted in a trend towards less eosinophil and effector T lymphocyte infiltration into
lung tissue and significantly less CD4+ and regulatory T lymphocytes infiltration into lung tissue as compared
to mice that received unstimulated macrophages. There was no statistical difference between adoptively
transferring lung macrophages or BM-derived macrophages. *P<0.05, **p<0.01 using a Kruskal-Wallis test
followed by a Dunn’s multiple comparisons test comparing control vs. PBS, PBS vs. M0, and M0 vs. MPGE2.

asthma patients and in mouse models of asthma are important in the development
of allergic inflammation because re-introducing these macrophages into lung tissue
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IL-10/Mac3 double staining
Control

PBS

100µm

100µm
M0

MPGE2

100µm

100µm

Figure 5: Mice exposed to house dust mite (HDM) and treated with phosphate-buffered saline (PBS) during
HDM exposure have significantly more total macrophages in lung tissue (panel A), less IL10+ macrophages
(panel B), and higher expression of MHCII (panel C) and CD206 (panel D) on these macrophages than healthy
control mice. Adoptive transfer of untreated (M0) lung macrophages (open circles) or untreated bone marrow
(BM)-derived macrophages (closed triangles) did not affect these parameters compared to PBS-treated animals. Adoptive transfer of PGE2-treated lung or BM-derived macrophages (MPGE2) resulted in a trend towards
less total macrophages and more IL10+ macrophages in lung tissue as compared to mice that received unstimulated macrophages. Expressions of MHCII and CD206 were not affected by PGE2-treated macrophages
and there was no statistical difference between adoptively transferring lung macrophages or BM-derived
macrophages.
Representative photos of the IL10/Mac3 double stainings are shown in panels E-H. Nuclear counter staining
was omitted to maximize visibility of double-positive cells (magnification 200x). Lung sections were stained
for IL10 (blue) and a general macrophage marker Mac3 (red) to specifically identify IL10+ macrophages. The
arrowheads indicate some examples of double-positive cells. Double positive cells were counted and related
to total lung tissue surface as depicted in panel B. *P<0.05, ***p<0.001 using a Kruskal-Wallis test followed by
a Dunn’s multiple comparisons test comparing control vs. PBS, PBS vs. M0, and M0 vs. MPGE2.
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has obvious beneficial effects [4, 17]. Whether these PGE2-treated macrophages are
also effective in asthma that already has fully developed is an important question that
needs further studies. If so, this could open up a whole new therapeutic perspective
for the treatment of asthma.
An open question is the mechanism by which PGE2-treated macrophages inhibit
HDM-induced lung inflammation. This could be due to increased expression of IL10
by macrophages, as we found a trend towards more IL10-expressing macrophages
in lung tissue of the mice receiving PGE2-treated macrophages. The group of Holt
described another possible mechanism many years ago. They showed that alveolar
macrophages can both downregulate the antigen presenting cell functions of dendritic cells and directly inhibit T lymphocyte proliferation themselves [13, 32, 33].
As we found that the inhibition of HDM-induced lung inflammation by PGE2-treated
macrophages was most pronounced for the infiltration of CD4+ T lymphocytes, we
subsequently investigated whether this effect was mediated through modulation of
dendritic cell function by PGE2-treated macrophages. In order to do this we incubated
unstimulated or PGE2-treated lung macrophages with bone marrow-derived dendritic
cells with or without ovalbumin. After 24 hours of coculture the dendritic cells were
then cocultured with ovalbumin-specific CD4+ T lymphocytes to study effects on T
lymphocyte proliferation and cytokine production. Dendritic cells in the presence of
ovalbumin and unstimulated macrophages could effectively induce T lymphocytes
proliferation with no particular direction in the response as Th1, Th2, and Th17-related
cytokines were all produced more than when dendritic cells were not preincubated
with ovalbumin and unstimulated macrophages (table 1). Preincubating dendritic
cells with ovalbumin and PGE2-treated macrophages did not make any difference for
T lymphocyte proliferation and cytokine production as compared to preincubation
with unstimulated macrophages. Thus, we could not find evidence for this hypothesis. It is therefore likely these anti-inflammatory macrophages have a local effect
either through inhibiting T lymphocyte proliferation in lung tissue or through other
anti-inflammatory effects. The Peters-Golden group recently published an interesting
suggestion with respect to this latter option. They showed that anti-inflammatory effects of PGE2-treated macrophages can be mediated through increased transcellular
delivery of vesicular SOCS (suppressor of cytokine signaling) proteins [34]. Elucidating
these pathways further may give valuable information on how to stimulate antiinflammatory behavior in macrophages without the help of PGE2. This is of particular
interest because the development of PGE2 as a drug in asthma has been hindered by
its propensity to induce cough [35, 36].
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100±0
100±0
100±0
100±0
100±0
100±0
100±0
100±0
100±0

5.2±1.2
*
0.3±0.2
*
0.7±0.4
*
4.0±2.4
*
0.8±0.3
**
0.3±0.2
**
0.2±0.1
**
0±0
*
0.1±0.03
*

TNFa production
(% of M0 + OVA)

IFNg production
(% of M0 + OVA)

IL6 production
(% of M0 + OVA)

IL12p70 production
(% of M0 + OVA)

IL-4 production
(% of M0 + OVA)

IL5 production
(% of M0 + OVA)

IL13 production
(% of M0 + OVA)

IL10 production
(% of M0 + OVA)

IL17 production
(% of M0 + OVA)

100±0

20±5
***

T lymphocyte proliferation
(% of M0 + OVA)

DC + T lymphocytes cocultured with no DC (preincubated with M0 ) + T
OVA (n=6)
lymphocytes + OVA (n=6)

103±16

119±15

95±17

74±17

81±17

112±22

197±65

107±14

148±28

122±67

DC (preincubated with MPGE2 ) + T
lymphocytes + OVA (n=4)

Table 1: Bone marrow-derived dendritic cells (DC) preincubated with untreated macrophages (M0) and cocultured with ovalbumin-specific CD4+ T lymphocytes induced
significantly more T lymphocyte proliferation and cytokine production when also exposed to ovalbumin (OVA) as compared to no OVA being present. Preincubation of DC
with PGE2-treated macrophages (MPGE2) did not affect this T lymphocyte proliferation and cytokine production. *P<0.05, ***p<0.001 using a Kruskal-Wallis test followed by
a Dunn’s multiple comparisons test comparing no-OVA vs. OVA+M0 and OVA+M0 vs. OVA+MPGE2
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In conclusion, our study has shown that redirecting macrophage polarization towards an anti-inflammatory IL10-producing phenotype by using PGE2 inhibits the
development of allergic lung inflammation. This beneficial effect of repolarization
was independent of macrophage origin, increasing the potential of the approach for
therapeutic purposes.
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Supplemental data

Figure S1: (A) Gating strategy for IL10-positive RAW264.7 macrophages. (B) Gating strategy of CD4+ T lymphocytes, effector T lymphocytes (Teffs) and regulatory T lymphocytes (Tregs) in lung tissue. (C) Gating strategy
for lung tissue macrophages.
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Figure S2: Mice exposed to house dust mite (HDM) and treated with phosphate-buffered saline (PBS) during
HDM exposure have significantly more infiltrating eosinophils (panel A) and higher levels of YM1 in serum
(panel B) than healthy control mice. Treatment with increasing doses of PGE2 resulted in significantly lower
eosinophil infiltration in lung tissue and lower levels of YM1 as compared to PBS-treated animals. Treatment
with equimolar increasing doses of PGE2 coupled to mannosylated human serum albumin (PMH) did not affect numbers of eosinophils in lung tissue, but did result in significantly lower levels of YM1 as compared to
PBS-treated animals. This effect was caused by mannosylated human serum albumin (Man-HSA) and not by
PGE2 because man-HSA had the same effect as PMH. **p<0.01, ***p<0.001 using a Kruskal-Wallis test followed by a Dunn’s multiple comparisons test.
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Scope
Through inhalation, the surface of the airways is continuously exposed to all different compounds, such as pollen, viruses, dusts, bacteria, chemicals and cigarette
smoke. This requires an appropriate defense mechanism with an effective response
to potential threads and ignoring of harmless compounds in order to maintain lung
homeostasis. In asthma, the lungs respond to these harmless compounds (then called
allergens) making the lungs of asthmatics hypercontractive1. After allergen exposure,
the immune system is activated to fight the perceived dangers of the allergen with
inflammation and subsequent expansion of macrophages to restore homeostasis2,3.
Macrophages are important in maintaining lung homeostasis, because they have the
ability by phenotype switching to regulate responses to homeostatic threats without
impairing the functionality of the lung4–6. Unfortunately in asthma, this homeostasis
is not achieved. It seemed likely that effective phenotype switching is impaired in
asthma and that macrophages can then contribute to the pathogenesis of this disease. Therefore, 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.

Macrophage appearance and distribution in asthma
Depending on signals present in their environment, macrophages can polarize into
many different phenotypes, which are hard to define in vivo7. Previously, macrophages
were classified as M1 and M2 in an attempt to mirror the Th1/Th2 dichotomy8. The
limitation of this nomenclature is that macrophages are not easily divided into just
two groups based on similarities in protein expression, because their functional and
physiological properties differ enormously within these two groups. For example, it
was observed that macrophages that were classified in the M2 category were actually
a collection of many functionally different subsets9. In fact, some of these populations
more closely resembled M1 than M2 macrophages10. It also became clear that it was
hard to match in vitro-generated phenotypes with their in vivo appearance as macrophages appear as a continuum rather than discrete entities in vivo7,11. A recently
proposed nomenclature by a group of macrophage biologists advises researchers
to describe macrophages according to the markers they express and/or the signals
that induce them, avoiding the complexity of contrasting classifications and different
definitions of activation12. The evolving field of macrophage nomenclature was something we struggled with during the years of this thesis. Therefore the nomenclature of
different macrophage subsets changes from chapter to chapter as the field evolved.
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In this thesis we decided upon defining three main subsets based on described
functional characteristics (proinflammatory, anti-inflammatory and wound healing)
and throughout the thesis we used similar markers to identify these three subsets.
We characterized macrophages with enhanced microbicidal capacity (also known
as proinflammatory, classically activated, or M1) by IRF5 expression or high MHC-II
expression. IRF5 is directly involved in the polarization towards a proinflammatory
state of macrophages by inducing transcription of MHC-II, IL-6, IL-12 and IL-23 while
suppressing the transcription of IL-1013. The expression of YM1 and CD206 were used
to identify macrophages in mice that are associated with wound healing (formerly
known as alternatively activated or M2). To identify these macrophages in humans,
CD206 expression was used14. To identify macrophages with anti-inflammatory activity, we studied the expression of the immunosuppressive cytokine IL-10, which is the
most important characteristic of this macrophage phenotype7.
Our data showed that many macrophages in healthy lungs are characterized by
expression of IL-10 and few are characterized by expression of IRF5 or YM1 and/or
CD206. In both allergic and nonallergic lung inflammation the balance in macrophage
phenotypes was shifted. Both types of inflammation were accompanied by lower
numbers of IL-10+ macrophages, but in our farm dust extract model of nonallergic
inflammation IRF5+ macrophages dominated, while in our house dust mite (HDM)
model of allergic inflammation YM1+ macrophages dominated compared to healthy
(chapter 2 and 3). This suggests that the balance of macrophage phenotypes is an
important determinant of the different types of inflammation in each model. This
was confirmed by our experiments inhibiting alternative activation with cynaropicrin,
which shifted the inflammation from eosinophilic with YM1+ macrophages to neutrophilic with IRF5+ macrophages (chapter 6).
A similar subset distribution was found in bronchial biopsies of asthma patients versus
healthy controls. Higher numbers of both IRF5+ and CD206+ macrophages and lower
numbers of IL-10+ macrophages were found in asthma patients, with relatively more
IRF5+ macrophages in males and relatively more CD206+ macrophages in females
(chapter 5). Predominance of one macrophage phenotype may contribute to the
heterogeneity of asthma, especially observed between the sexes15.

Where do they come from?
As we have shown in this thesis that lung tissue contains more IRF5+ and CD206+
macrophages during allergic airway inflammation, another remaining issue was the
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question of where these cells come from. Are they the result of local proliferation
of resident macrophages, are they being recruited from blood monocytes that differentiate into macrophages on site, or do they develop from other resident macrophages through phenotype switching? During homeostatic conditions, it was shown
that macrophages have embryonic progenitors and are maintained throughout life
by local proliferation16–23. These groundbreaking findings do not necessarily exclude
blood monocytes as precursors. Studies in which depletion of lung macrophages
was followed by adoptive transfer of bone marrow or Gr1low monocytes showed
that lung macrophages could be replenished from bone marrow during homeostatic
conditions24,25. This led to studies investigating the origin of macrophages during allergic lung inflammation26,27. It has been shown that maintenance of the alveolar
macrophage pool mostly depends on local proliferation of resident macrophages,
but immediately after allergen exposure macrophages might develop from recruited
monocytes. This is in accordance with our data indicating that immediately after allergen rechallenge, alveolar macrophages may be supplemented with macrophages
derived from infiltrating monocytes. At later time points though, we showed that
resident macrophages proliferate to maintain the alveolar macrophage pool. We
showed that these resident macrophages could either be locally proliferating alveolar
macrophages and/or interstitial macrophages that switch phenotype (chapter 4). This
is consistent with previous studies that showed replacement of alveolar macrophages
by interstitial macrophages after LPS exposure or during a bacterial infection28,29. In
addition, in steady state conditions it was reported that alveolar macrophages are the
longer-lived macrophages in lungs of mice and rhesus macaques30, while interstitial
macrophages exhibited a high turnover rate and were rapidly replenished with blood
monocytes in lungs of rhesus macaques31. These findings suggested that alveolar
macrophages develop from interstitial macrophages, which in turn derive from blood
monocytes. It is, however, still possible that interstitial macrophages are also from
embryonic origin as was also shown for alveolar macrophages, since we were not able
to directly demonstrate that monocytes are precursors of interstitial macrophages.
Some recent and older studies have highlighted the importance of resident alveolar
macrophages in maintaining lung homeostasis and immigrating monocytes in contributing to allergic inflammation26,27,32,33. The picture that arises is one of fast recruitment
of monocytes after allergen exposure to fight the perceived dangers of the allergen
with consequently inflammation and subsequent expansion of alveolar macrophages
in an attempt to restore homeostasis.
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Role of YM1+/CD206+ macrophages in asthma
The inducers (IL-4 and IL-13) of YM1+/CD206+ macrophages are abundantly present
in allergic asthma and therefore these macrophages have been more extensively studied than other macrophage phenotypes. High numbers of CD206+ macrophages lungs
of asthmatics have been reported by us and others previously 34–37, and in this thesis
(chapter 5). In addition, we showed that in several models of HDM-induced asthma
the number of YM1+ macrophages positively correlated with severity of airway inflammation (chapter 2). Our previous adoptive transfer study of in vitro differentiated
IL-4/IL-13-stimulated macrophages into the lungs of allergic mice showed that these
macrophages actively contribute to the exacerbation of the disease and are not just
bystanders as a result of Th2 inflammation15. These findings were later confirmed by
two other studies. Both studies found enhanced allergic inflammatory responses in
lung tissue. However, the role of YM1+ macrophages in asthma is the subject of ongoing debate. In contrast to the previously mentioned studies, it was later demonstrated
that YM1+ macrophages are not necessary for allergic airway disease and are only
a consequence of elevated Th2 responses38. In this study the contribution of YM1+
macrophages to acute and chronic HDM-induced allergic lung inflammation was investigated by using LysMcre mice with abrogated IL-4Rα signaling on macrophages. The
investigators observed that airway hyperreactivity, Th2 responses, mucus hypersecretion, eosinophil infiltration, and collagen deposition were not significantly affected
by decreased development of M2 macrophages. Recent data, however, 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 monocyte precursors39. In addition, it was found that
YM1+ macrophages derived from monocytes or from tissue macrophages are phenotypically and functionally distinct40. Combining these findings, it seems likely that mature YM1+ resident macrophages do not contribute to allergic lung disease, but YM1+
macrophages that are newly derived from either proliferation or recruited monocytes
may be the active contributors to the disease. In this thesis we treated mice during
the induction of allergic inflammation with cynaropicrin, a substance that inhibits
alternative activation of both newly derived and resident macrophages. Indeed, we
found that these mice developed less severe eosinophilic lung inflammation and less
collagen deposition around the airways (chapter 6). Our findings confirmed previous
studies in which YM1+ macrophages and TGM2-expressing macrophages were inhibited41,42. Strikingly however, we found that inhibition of alternative activation shifted
inflammation towards more IRF5+ macrophages, neutrophilia and development of
more severe airway hyperresponsiveness. The apparent disconnect between airway
hyperresponsiveness and the amount of collagen around the airways demonstrates
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that collagen deposition appears to protect the airways from even worse contractility.
As airway hyperresponsiveness is traditionally thought to be caused by airway smooth
muscle hyperplasia and collagen deposition around the airways43–45, our data may
indicate we have to rethink the role of collagen deposition. As YM1+ macrophages are
associated with fibrosis, the decrease in collagen deposition may be directly linked to
the inhibition of alternative activation14,46.
These findings revealed an important dual role for YM1+ macrophages of allergic
lung inflammation. YM1+ macrophages contribute to induction and progression of
eosinophilic lung inflammation, but protect against development of neutrophilic lung
inflammation and worsening of airway hyperresponsiveness.

Role of other macrophages in asthma
Although the inflammatory process in asthma is dominated by a Th2 inflammation, it
was suggested that IRF5+ macrophages are also involved in this disease47–49. Their role
in asthma, however, is complicated because of their many faces in different aspects
of the disease. During the induction of HDM-induced asthma, we found that numbers
of IRF5+ macrophages are high in a short, less severe, model as compared to control
mice and lower with longer exposure and more severe inflammation, while for YM1+
macrophages the opposite was observed (chapter 2). Interestingly, functional studies
have shown that IFNγ-stimulated macrophages act preventive in the onset of allergic
airway inflammation in mice and suppressed DC maturation50. This would suggest
that these macrophages are induced as a counterregulatory mechanism to dampen
inflammation. On the other hand, we found that higher numbers of IRF5+ macrophages in bronchial biopsies of asthma patients were associated with more severe
airflow obstruction (lower FEV1/FVC) (chapter 5). In addition, products and numbers
of TNFα+ macrophages correlated with asthma severity, suggesting that IRF5+ macrophages play a contributing role in severe asthma as well51–53. Altogether, these data
imply that IRF5+ macrophages can help preventing allergic sensitization, but can also
promote the development of a more severe phenotype in established disease. This
is consistent with the findings of a study that investigated the role of the cytokine
IL-12 during the development allergic airway inflammation in mice. They showed that
neutralization of IL-12 during the sensitization phase aggravated development of allergic airway inflammation but neutralization of IL-12 during challenges abolished the
symptoms of allergic airway inflammation. Through IL-12, IRF5+ macrophages may
have a dual role in asthma: they act preventive during Th2 sensitization, but they
contribute to severity of allergic airway disease in established disease54.
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Considering their function, IRF5+ macrophages appear to be needed directly after
allergen exposure due to their enhanced phagocytosis and antigen presentation capabilities to accomplish microbial clearance55,56, while YM1+ macrophages are instructed
at a later stage by the damaged tissue for repair purposes. Since we showed that in
vitro farm dust extract exposure induces classical activation of macrophages (chapter
3 and 57), it is tempting to speculate that IRF5+ macrophages are directly involved
in the initiation of a neutrophilic immune responses. If exposure to a certain trigger
persists in the context of low levels of Th2 cytokines, neutrophilic inflammation prevails, while if Th2 cytokines are high eosinophilic inflammation is chosen. Indeed, in
lungs of mice exposed to farm dust extract we found neutrophilic inflammation with
increased numbers of IRF5+ macrophages and low levels of Th2 cytokines (chapter 3).
IL-10+ macrophages appear to be predominant in homeostasis and this suggests
that once microbial or allergen clearance is accomplished, a shift towards an antiinflammatory IL-10-producing phenotype should take place to achieve resolution of
inflammation. The finding that anti-inflammatory macrophages were lower in both
HDM- and farm dust extract-exposed mice compared to control mice supports this
thought (chapter 2 and 3). In asthma patients, both IRF5+ or the YM1+ macrophages
dominate the lungs with a loss of IL-10+ macrophages (chapter 5). This may explain
why resolution is not achieved in asthma. The role of IL-10 in the immune system
has been studied intensively and it was found to be an important mediator in the
resolution of (airway) inflammation58,59. In addition, in bronchial biopsies of asthma
patients we showed that ICS treatment was accompanied by higher numbers of IL-10+
macrophages and these higher numbers were associated with better lung function
(chapter 5). This indicates that induction of these IL-10+ macrophages may be an
interesting novel therapeutic avenue to explore.

Are macrophages a new avenue for asthma treatment?
Currently, the most widely used therapeutics to inhibit inflammation in asthma are
inhaled corticosteroids. Long-term use of corticosteroids, however, may lead to side
effects and a subset of asthma patients, mostly with severe disease, do not respond
to this treatment60,61. Therefore, development of more specific and effective therapeutics is needed. With the emerging role of CD206+/YM1+ macrophages in asthma
pathogenesis, they seemed to be an interesting target for a new therapy. However,
the results of this thesis suggest otherwise, since inhibition of alternative activation
during HDM exposures results in more classical activation of macrophages with neutrophilic inflammation (chapter 6). Modulating development of IRF5+ macrophages
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probably is not a valid therapeutic option either as this may shift the inflammation
towards more eosinophilic inflammation. It seems that the asthma phenotype is
determined by a balance between the two predominant macrophage subsets IRF5+
and YM1+, with a loss of the beneficial anti-inflammatory IL-10+ macrophages. This
finding suggested to us it would perhaps be possible to re-instate homeostatic behavior of macrophages by boosting the anti-inflammatory function of macrophages in
vivo in lung tissue and thereby treat lung inflammation. We found that PGE2 was the
best candidate to induce IL-10 production in macrophages (chapter 7). PGE2 is a wellknown anti-asthmatic compound that has been shown to prevent allergen-induced
bronchocontriction, to inhibit airway hyperresponsiveness and inflammation. These
anti-asthmatic effects were shown to be mediated through E prostanoid receptors
2 and 4 (EP2 and EP4) on wide range of target cells62–67. Of course this presented
us with a challenge trying to show anti-inflammatory effects of PGE2 specifically
through macrophages. As was shown in many studies before68,69, we confirmed that
free PGE2 instilled in the lungs had anti-inflammatory potential. As it is unlikely that
this was due to a specific effect on macrophages, we studied a macrophage-specific
approach by treating macrophages ex vivo with PGE2 and then adoptively transferred
these IL-10-producing macrophages into the lungs during the induction of allergic
lung inflammation with HDM. Interestingly, this approach was more effective than
treatment with free PGE2 and was independent of macrophage origin, as we investigated both macrophages with a hematopoietic and an embryonic origin (chapter 7).
These findings indicate that the lower numbers of the IL-10+ macrophages we have
found in asthma are important in the development of allergic inflammation because
re-introducing these macrophages into lung tissue has obvious beneficial effects.
Whether these PGE2-treated macrophages are also effective in established disease
is an important question that needs further studies. If so, this could open up a whole
new therapeutic perspective for the treatment of asthma.

Future perspectives
In conclusion, the balance in macrophage phenotypes appears to be tightly regulated
in order to reach homeostasis every time lungs are exposed to allergens. We showed
that this balance is dysregulated in asthma and can determine the type of inflammation, indicating that macrophages play an important role in asthma pathogenesis.
This thesis provided some clues on the exact role of the different macrophages and
the most important message is to focus on the good qualities of the macrophages, i.e.
their ability to quickly change phenotype. We used this approach to re-introduce antiinflammatory macrophages to restore lung homeostasis and indeed found inhibition
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of HDM-induced lung inflammation. Therefore, it would be interesting to further study
the mechanism by which anti-inflammatory macrophages inhibit lung inflammation.
We tested whether the anti-inflammatory effects of PGE2-treated macrophages were
mediated through modulation of dendritic cell behavior and found no evidence for
this hypothesis (chapter 7). It is therefore likely these anti-inflammatory macrophages
have a local effect either through inhibiting local adaptive immune responses in lung
tissue or through other anti-inflammatory effects. An interesting new paradigm for the
control of inflammatory responses by macrophages was recently presented70. It was
shown that anti-inflammatory effects of PGE2-treated macrophages can be mediated
through increased transcellular delivery of vesicular SOCS (suppressor of cytokine
signaling) proteins to epithelial cells. Elucidating these mechanisms further may not
only give valuable information on how macrophages control inflammation in asthma,
but may also help to resolve other forms of lung inflammation induced for instance by
infections or smoking. This knowledge may also be applicable beyond the respiratory
field. Dysregulated macrophage responses have been shown in many organs, among
which for instance fibrotic liver diseases71–74. Thus, these future studies may result
in the identification of new targets for resolution of chronic inflammation in many
different organs.

182

General discussion

References
1

Holgate, S. T. Pathogenesis of asthma. Clin. Exp. Allergy J. Br. Soc. Allergy Clin. Immunol. 38, 872–897
(2008).

2

Peters-Golden, M. The Alveolar Macrophage The Forgotten Cell in Asthma. Am. J. Respir. Cell Mol.
Biol. 31, 3–7 (2004).

3

Stefater, J. A., Ren, S., Lang, R. A. & Duffield, J. S. Metchnikoff’s Policemen—Macrophages in Development, Homeostasis and Regeneration. Trends Mol. Med. 17, 743–752 (2011).

4

Gordon, S., Plüddemann, A. & Martinez Estrada, F. Macrophage heterogeneity in tissues: phenotypic diversity and functions. Immunol. Rev. 262, 36–55 (2014).

5

Gordon, S. & Taylor, P. R. Monocyte and macrophage heterogeneity. Nat. Rev. Immunol. 5, 953–964
(2005).

6

Martinez, F. O., Sica, A., Mantovani, A. & Locati, M. Macrophage activation and polarization. Front.
Biosci. J. Virtual Libr. 13, 453–461 (2008).

7

Mosser, D. M. & Edwards, J. P. Exploring the full spectrum of macrophage activation. Nat. Rev.
Immunol. 8, 958–969 (2008).

8

Mills, C. D., Kincaid, K., Alt, J. M., Heilman, M. J. & Hill, A. M. M-1/M-2 macrophages and the Th1/
Th2 paradigm. J. Immunol. Baltim. Md 1950 164, 6166–6173 (2000).

9

Mantovani, A. et al. The chemokine system in diverse forms of macrophage activation and polarization. Trends Immunol. 25, 677–686 (2004).

10

Edwards, J. P., Zhang, X., Frauwirth, K. A. & Mosser, D. M. Biochemical and functional characterization of three activated macrophage populations. J. Leukoc. Biol. 80, 1298–1307 (2006).

11

Xue, J. et al. Transcriptome-Based Network Analysis Reveals a Spectrum Model of Human Macrophage Activation. Immunity 40, 274–288 (2014).

12

Murray, P. J. et al. Macrophage activation and polarization: nomenclature and experimental guidelines. Immunity 41, 14–20 (2014).

13

Krausgruber, T. et al. IRF5 promotes inflammatory macrophage polarization and TH1-TH17 responses. Nat. Immunol. 12, 231–238 (2011).

14

Martinez, F. O., Helming, L. & Gordon, S. Alternative activation of macrophages: an immunologic
functional perspective. Annu. Rev. Immunol. 27, 451–483 (2009).

15

Melgert, B. N. et al. Macrophages: regulators of sex differences in asthma? Am. J. Respir. Cell Mol.
Biol. 42, 595–603 (2010).

16

Guilliams, M. et al. Alveolar macrophages develop from fetal monocytes that differentiate into
long-lived cells in the first week of life via GM-CSF. J. Exp. Med. 210, 1977–1992 (2013).

17

Yona, S. et al. Fate mapping reveals origins and dynamics of monocytes and tissue macrophages
under homeostasis. Immunity 38, 79–91 (2013).

183

8

Chapter 8
18

Hashimoto, D. et al. Tissue resident macrophages self-maintain locally throughout adult life with
minimal contribution from circulating monocytes. Immunity 38, (2013).

19

Schulz, C. et al. A lineage of myeloid cells independent of Myb and hematopoietic stem cells. Science 336, 86–90 (2012).

20

Jakubzick, C. et al. Minimal differentiation of classical monocytes as they survey steady-state tissues
and transport antigen to lymph nodes. Immunity 39, 599–610 (2013).

21

Hoeffel, G. et al. Adult Langerhans cells derive predominantly from embryonic fetal liver monocytes
with a minor contribution of yolk sac-derived macrophages. J. Exp. Med. 209, 1167–1181 (2012).

22

Epelman, S. et al. Embryonic and adult-derived resident cardiac macrophages are maintained
through distinct mechanisms at steady state and during inflammation. Immunity 40, 91–104 (2014).

23

Epelman, S., Lavine, K. J. & Randolph, G. J. Origin and Functions of Tissue Macrophages. Immunity
41, 21–35 (2014).

24

Matute-Bello, G. et al. Optimal timing to repopulation of resident alveolar macrophages with donor
cells following total body irradiation and bone marrow transplantation in mice. J. Immunol. Methods 292, 25–34 (2004).

25

Landsman, L. & Jung, S. Lung macrophages serve as obligatory intermediate between blood monocytes and alveolar macrophages. J. Immunol. Baltim. Md 1950 179, 3488–3494 (2007).

26

Zasłona, Z. et al. Resident alveolar macrophages suppress, whereas recruited monocytes promote, allergic lung inflammation in murine models of asthma. J. Immunol. Baltim. Md 1950 193,
4245–4253 (2014).

27

Lee, Y. G. et al. Recruited Alveolar Macrophages, in Response to Airway Epithelial-derived MCP-1/
CCL2, Regulate Airway Inflammation and Remodeling in Allergic Asthma. Am. J. Respir. Cell Mol.
Biol. (2014). doi:10.1165/rcmb.2014-0255OC

28

Maus, U. A. et al. Resident alveolar macrophages are replaced by recruited monocytes in response
to endotoxin-induced lung inflammation. Am. J. Respir. Cell Mol. Biol. 35, 227–235 (2006).

29

Taut, K. et al. Macrophage Turnover Kinetics in the Lungs of Mice Infected with Streptococcus
pneumoniae. Am. J. Respir. Cell Mol. Biol. 38, 105–113 (2008).

30

Murphy, J., Summer, R., Wilson, A. A., Kotton, D. N. & Fine, A. The prolonged life-span of alveolar
macrophages. Am. J. Respir. Cell Mol. Biol. 38, 380–385 (2008).

31

Cai, Y. et al. In vivo characterization of alveolar and interstitial lung macrophages in rhesus macaques: Implications for understanding lung disease in humans. J. Immunol. Baltim. Md 1950 192,
2821–2829 (2014).

32

Careau, E. & Bissonnette, E. Y. Adoptive transfer of alveolar macrophages abrogates bronchial
hyperresponsiveness. Am. J. Respir. Cell Mol. Biol. 31, 22–27 (2004).

33

Holt, P. G. et al. Downregulation of the antigen presenting cell function(s) of pulmonary dendritic
cells in vivo by resident alveolar macrophages. J. Exp. Med. 177, 397–407 (1993).

34

Melgert, B. N. et al. More alternative activation of macrophages in lungs of asthmatic patients. J.
Allergy Clin. Immunol. 127, 831–833 (2011).

184

General discussion
35

Kim, E. Y. et al. Persistent activation of an innate immune response translates respiratory viral infection into chronic lung disease. Nat. Med. 14, 633–640 (2008).

36

Martinez, F. O. et al. Genetic programs expressed in resting and IL-4 alternatively activated mouse
and human macrophages: similarities and differences. Blood 121, e57–69 (2013).

37

Winkler, C. et al. Impact of endobronchial allergen provocation on macrophage phenotype in
asthmatics. BMC Immunol. 15, 12 (2014).

38

Nieuwenhuizen, N. E. et al. Allergic airway disease is unaffected by the absence of IL-4Rαdependent alternatively activated macrophages. J. Allergy Clin. Immunol. (2012). doi:10.1016/j.
jaci.2012.03.011

39

Vannella, K. M. et al. Incomplete Deletion of IL-4Rα by LysMCre Reveals Distinct Subsets of M2
Macrophages Controlling Inflammation and Fibrosis in Chronic Schistosomiasis. PLoS Pathog 10,
e1004372 (2014).

40

Gundra, U. M. et al. Alternatively activated macrophages derived from monocytes and tissue macrophages are phenotypically and functionally distinct. Blood 123, e110–122 (2014).

41

Moreira, A. P. et al. Serum amyloid P attenuates M2 macrophage activation and protects against
fungal spore-induced allergic airway disease. J. Allergy Clin. Immunol. 126, 712–721.e7 (2010).

42

Kim, D. Y. et al. Anti-inflammatory effects of the R2 peptide, an inhibitor of transglutaminase 2, in a
mouse model of allergic asthma, induced by ovalbumin. Br. J. Pharmacol. 162, 210–225 (2011).

43

Boulet, L. P. et al. Bronchial subepithelial fibrosis correlates with airway responsiveness to methacholine. Chest 112, 45–52 (1997).

44

Kariyawasam, H. H., Aizen, M., Barkans, J., Robinson, D. S. & Kay, A. B. Remodeling and airway
hyperresponsiveness but not cellular inflammation persist after allergen challenge in asthma. Am.
J. Respir. Crit. Care Med. 175, 896–904 (2007).

45

Locke, N. R., Royce, S. G., Wainewright, J. S., Samuel, C. S. & Tang, M. L. Comparison of airway
remodeling in acute, subacute, and chronic models of allergic airways disease. Am. J. Respir. Cell
Mol. Biol. 36, 625–632 (2007).

46

Knipper, J. A. et al. Interleukin-4 Receptor α Signaling in Myeloid Cells Controls Collagen Fibril Assembly in Skin Repair. Immunity 43, 803–816 (2015).

47

Kim, Y.-K. et al. Airway exposure levels of lipopolysaccharide determine type 1 versus type 2 experimental asthma. J. Immunol. Baltim. Md 1950 178, 5375–5382 (2007).

48

Shannon, J. et al. Differences in airway cytokine profile in severe asthma compared to moderate
asthma. Chest 133, 420–426 (2008).

49

Berry, M. A. et al. Evidence of a role of tumor necrosis factor alpha in refractory asthma. N. Engl. J.
Med. 354, 697–708 (2006).

50

Bedoret, D. et al. Lung interstitial macrophages alter dendritic cell functions to prevent airway allergy in mice. J. Clin. Invest. 119, 3723–3738 (2009).

51

Goleva, E. et al. Corticosteroid-resistant asthma is associated with classical antimicrobial activation
of airway macrophages. J. Allergy Clin. Immunol. 122, 550–559.e3 (2008).

185

8

Chapter 8
52

Ten Hacken, N. H. et al. Elevated serum interferon-gamma in atopic asthma correlates with increased airways responsiveness and circadian peak expiratory flow variation. Eur. Respir. J. Off. J.
Eur. Soc. Clin. Respir. Physiol. 11, 312–316 (1998).

53

Wang, C. et al. Evidence of association between interferon regulatory factor 5 gene polymorphisms
and asthma. Gene 504, 220–225 (2012).

54

Meyts, I. et al. IL-12 contributes to allergen-induced airway inflammation in experimental asthma.
J. Immunol. Baltim. Md 1950 177, 6460–6470 (2006).

55

Wirth, J. J., Kierszenbaum, F., Sonnenfeld, G. & Zlotnik, A. Enhancing effects of gamma interferon on
phagocytic cell association with and killing of Trypanosoma cruzi. Infect. Immun. 49, 61–66 (1985).

56

Higginbotham, J. N., Lin, T. L. & Pruett, S. B. Effect of macrophage activation on killing of Listeria
monocytogenes. Roles of reactive oxygen or nitrogen intermediates, rate of phagocytosis, and
retention of bacteria in endosomes. Clin. Exp. Immunol. 88, 492–498 (1992).

57

Chen, C.-L. et al. House dust mite Dermatophagoides farinae augments proinflammatory mediator
productions and accessory function of alveolar macrophages: implications for allergic sensitization
and inflammation. J. Immunol. Baltim. Md 1950 170, 528–536 (2003).

58

Ogawa, Y., Duru, E. A. & Ameredes, B. T. Role of IL-10 in the resolution of airway inflammation. Curr.
Mol. Med. 8, 437–445 (2008).

59

Vissers, J. L. M., van Esch, B. C. A. M., Jeurink, P. V., Hofman, G. A. & van Oosterhout, A. J. M. Stimulation of allergen-loaded macrophages by TLR9-ligand potentiates IL-10-mediated suppression of
allergic airway inflammation in mice. Respir. Res. 5, 21 (2004).

60

Lipworth BJ. Systemic adverse effects of inhaled corticosteroid therapy: A systematic review and
meta-analysis. Arch. Intern. Med. 159, 941–955 (1999).

61

Brinke, A. ten et al. Risk factors of frequent exacerbations in difficult-to-treat asthma. Eur. Respir. J.
26, 812–818 (2005).

62

Birrell, M. A. et al. Anti-inflammatory effects of PGE2 in the lung: role of the EP4 receptor subtype.
Thorax 70, 740–747 (2015).

63

Serra-Pages, M. et al. Activation of the Prostaglandin E2 receptor EP2 prevents house dust miteinduced airway hyperresponsiveness and inflammation by restraining mast cells’ activity. Clin. Exp.
Allergy J. Br. Soc. Allergy Clin. Immunol. 45, 1590–1600 (2015).

64

Serra-Pages, M. et al. E-prostanoid 2 receptors dampen mast cell degranulation via cAMP/PKAmediated suppression of IgE-dependent signaling. J. Leukoc. Biol. 92, 1155–1165 (2012).

65

Benyahia, C. et al. PGE(2) receptor (EP(4)) agonists: potent dilators of human bronchi and future
asthma therapy? Pulm. Pharmacol. Ther. 25, 115–118 (2012).

66

Zasłona, Z. et al. Prostaglandin E₂ suppresses allergic sensitization and lung inflammation by targeting the E prostanoid 2 receptor on T cells. J. Allergy Clin. Immunol. 133, 379–387 (2014).

67

186

Säfholm, J. et al. Prostaglandin E2 inhibits mast cell-dependent bronchoconstriction in human small
airways through the E prostanoid subtype 2 receptor. J. Allergy Clin. Immunol. 136, 1232–1239.e1
(2015).

General discussion
68

Pavord, I. D., Wong, C. S., Williams, J. & Tattersfield, A. E. Effect of inhaled prostaglandin E2 on
allergen-induced asthma. Am. Rev. Respir. Dis. 148, 87–90 (1993).

69

Gauvreau, G. M., Watson, R. M. & O’byrne, P. M. Protective Effects of Inhaled PGE2 on Allergeninduced Airway Responses and Airway Inflammation. Am. J. Respir. Crit. Care Med. 159, 31–36
(1999).

70

Bourdonnay, E. et al. Transcellular delivery of vesicular SOCS proteins from macrophages to epithelial cells blunts inflammatory signaling. J. Exp. Med. 212, 729–742 (2015).

71

Beljaars, L. et al. Hepatic Localization of Macrophage Phenotypes during Fibrogenesis and Resolution of Fibrosis in Mice and Humans. Front. Immunol. 5, 430 (2014).

72

Moore, K. J., Sheedy, F. J. & Fisher, E. A. Macrophages in atherosclerosis: a dynamic balance. Nat.
Rev. Immunol. 13, 709–721 (2013).

73

Vogel, D. Y. et al. Macrophages in inflammatory multiple sclerosis lesions have an intermediate
activation status. J. Neuroinflammation 10, 35 (2013).

74

Weisberg, S. P. et al. Obesity is associated with macrophage accumulation in adipose tissue. J. Clin.
Invest. 112, 1796–1808 (2003).

8

187

Chapter

9

Nederlandse samenvatting
Dankwoord
Curriculum Vitae

Nederlandse samenvatting

Nederlandse samenvatting
Astma komt steeds vaker voor en op dit moment lijden er bijna een half miljoen
mensen in Nederland aan deze ziekte. Mensen met astma hebben een chronische
ontsteking in de longen en daarbij kunnen hun longen ook extreem gevoelig reageren
op allergenen, zoals graspollen, sigarettenrook, huisstofmijt en kattenharen. De
symptomen die hierbij optreden zijn: benauwdheid, piepend ademen en hoesten
(zie figuur 1). Voor de meeste astmapatiënten kunnen deze symptomen snel worden
verholpen door medicatie te gebruiken zoals kortwerkende luchtwegverwijders.
Deze symptoombestrijdende middelen pakken helaas de kern van de ziekte, dus de
chronische ontsteking, niet aan. Inhalatiecorticosteroïden worden gebruikt om de
ontsteking af te remmen, maar dit werkt niet bij iedereen even effectief.

Figuur 1: Weergave van een gezonde luchtweg (links) en een astmatische luchtweg (midden). Beide luchtwegen hebben ontspannen gladde spieren, maar de astmatische luchtweg is vernauwd door chronische luchtwegontsteking. Wanneer een astmapatiënt wordt blootgesteld aan allergenen treedt er ernstige vernauwing
van de luchtweg op vanwege het samentrekken van de gladde spieren. Dit wordt ook wel een astma-aanval
genoemd (rechts).

Door gewoon adem te halen worden de luchtwegen continu blootgesteld aan allerlei
deeltjes die door de lucht zweven, zoals allergenen, chemicaliën, virussen en bacteriën. Dit vereist een zeer goed werkend afweersysteem, omdat er voor elk ingeademd
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deeltje een beslissing moet worden genomen: onschuldige allergenen kunnen worden genegeerd, maar bij een potentieel gevaar voor de gezondheid moet er snel actie
worden ondernomen, zodat de longhomeostase niet wordt aangetast. Bij mensen
met astma werkt het afweersysteem niet goed, met als gevolg dat het actief reageert
op allergenen in de long, terwijl dit bij gezonde personen niet gebeurd. Als gevolg
hiervan ontstaat er een chronische ontsteking in de longen van astmapatiënten.
Belangrijke, veelvoorkomende cellen van het afweersysteem in de long zijn macrofagen. Deze afweercellen hebben zeer verschillende functies in de long en er zijn
drie belangrijke vormen: M1 voor het bestrijden van intracellulaire microben, M2
voor weefselherstel en M2-achtig voor het remmen van ontstekingen. Macrofagen
kunnen snel van de ene naar de andere vorm veranderen en ze kunnen daarmee
longhomeostase behouden of snel herstellen. Helaas is longhomeostase in de longen
van astmapatiënten verstoord en het zou daarom kunnen dat één van de oorzaken
ligt bij de macrofagen. Het was echter voor dit onderzoek niet duidelijk welk soort
macrofagen zich bevinden in de longen van astmapatiënten en hoe deze vormen
bijdragen aan het ontstaan en het verloop van de ziekte. Het doel van dit proefschrift
was te onderzoeken welke vormen van macrofagen te vinden zijn in de longen bij
astma, of ze bijdragen aan de chronische ontsteking en of ze het doelwit kunnen zijn
voor nieuwe behandelstrategieën.
In het algemeen zijn er twee verschillende soorten astma te onderscheiden: allergisch
en niet-allergisch astma. De laatstgenoemde is vaak een ernstigere vorm van astma
die moeilijker te behandelen is met inhalatiecorticosteroïden. Het grootste verschil zit
in het type ontsteking: allergisch astma wordt gekarakteriseerd door de aanwezigheid
van afweercellen genaamd eosinofielen, terwijl in niet-allergisch astma de neutrofielen prominenter aanwezig zijn. In hoofdstuk 2 en 3 laten we zien dat zowel in een
muismodel van allergische astma als in een muismodel van niet-allergisch astma
de balans tussen soorten macrofagen is verstoord. In beide muismodellen vonden
we meer M1 en M2 macrofagen en minder ontstekingsremmende M2-achtige macrofagen vergeleken met de gezonde muizen. Daarnaast vonden we vooral meer M1
macrofagen in longen van muizen met niet-allergische astma, terwijl de longen van
muizen met allergisch astma werden gekarakteriseerd door meer M2 macrofagen.
Vervolgens hebben gecontroleerd of deze bevindingen in muizen ook bij mensen terug
te vinden zijn in een studie met longweefselbiopten van een groep astmapatiënten
en gezonde controles. Ook in deze astmapatiënten vonden we meer M1 en M2 macrofagen in longweefsel en minder M2-achtige macrofagen dan bij gezonde controles
(hoofdstuk 5). Patiënten die werden behandeld met inhalatiecorticosteroïden bleken
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over het algemeen weer wat meer ontstekingsremmende M2-achtige macrofagen
te hebben dan onbehandelde astmapatiënten. Daarnaast bleek dat hoe meer M1
macrofagen in longweefsel te vinden waren, hoe slechter de longfunctie was, terwijl
meer M2-achtige macrofagen juist voorkwamen bij patiënten met betere longfunctie.
Vanwege de verhoogde aantallen van M1 en M2 macrofagen die we in astma vonden,
waren we geïnteresseerd in de herkomst van deze macrofagen. Voorgaand onderzoek
had al aangetoond dat macrofagen in gezonde longen worden onderhouden door
lokale celdeling en dat er nauwelijks monocyten vanuit het bloed de longen inkomen
om macrofaag te worden. Dat was een verrassende bevinding omdat er altijd werd
verondersteld dat monocyten de voorlopers waren van macrofagen. In een zieke situatie zou er nog wel bijdrage van monocyten kunnen zijn, maar ook in astma bleek
dat de macrofagen niet voortkwamen uit monocyten maar zichzelf vermeerderen in
de long. Ons onderzoek in hoofdstuk 4 bevestigt deze recente bevinding in astma.
Daarnaast werd ons duidelijk dat de M2 macrofagen, die we vonden in het muismodel
voor allergisch astma, voortkomen uit macrofagen die van een M2-achtige verschijningsvorm veranderen naar een M2 verschijningsvorm.
In hoofdstuk 6 hebben we ons meer verdiept in de bijdrage van M2 macrofagen aan
astma. Voorgaand onderzoek had laten zien dat het geven van extra M2 macrofagen
in de longen van allergische muizen resulteerde in verergering van de ontsteking ten
opzichte van allergisch muizen die deze macrofagen niet kregen. De conclusie was dat
M2 macrofagen bijdragen aan de ontsteking in astma en niet alleen maar voortkomen
uit de ontsteking. Daarom hebben we in hoofdstuk 6 onderzocht of het remmen van
het ontstaan van M2 macrofagen in het muismodel van allergische astma een mogelijke therapeutische optie zou kunnen zijn. De behandeling resulteerde inderdaad
in minder allergische, eosinofiele ontsteking, maar aan de andere kant leidde het ook
tot meer niet-allergische, neutrofiele ontsteking met meer M1 macrofagen en longen
die meer gevoelig waren voor aspecifieke prikkels. Onze bevindingen hebben dus een
belangrijke, tweezijdige rol van M2 macrofagen in allergisch astma onthuld. Aan de
ene kant dragen M2 macrofagen bij aan de eosinofiele longontsteking, maar aan de
andere kant bieden ze bescherming tegen het ontwikkelen van ernstige neutrofiele
ontsteking.
Momenteel zijn inhalatiecorticosteroïden de meest gebruikte medicijnen door astmapatiënten om de ontsteking in de longen te remmen. Helaas is dit niet voor iedereen even effectief. Bovendien kan chronisch gebruik gepaard gaan met bijwerkingen.
Er is daarom grote vraag naar andere effectieve en specifieke medicijnen. Uit de
bevindingen van dit proefschrift blijkt dat er een disbalans is in de typen macrofagen
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aanwezig in de longen, met een overschot aan M1 en M2 macrofagen en een tekort is
aan M2-achtige macrofagen. Deze macrofagen zijn juist belangrijk voor het remmen
van ontstekingen. Aangezien in hoofdstuk 6 bleek dat het direct remmen van M2
macrofagen niet het gewenste effect had, hebben we daarom in hoofdstuk 7 een andere strategie toegepast. Dit hield in dat we het aantal M2-achtige macrofagen in de
astmatische long verhogen om zo de ontwikkeling van zowel M1 als M2 macrofagen
te onderdrukken. Deze aanpak had een beter effect dan remmen van de ontwikkeling
van M2 macrofagen, want dit leidde tot algeheel minder ontsteking in de longen.
Deze informatie biedt interessante therapeutische opties die nog niet bestudeerd zijn
en die nieuwe mogelijkheden kunnen bieden voor astmapatiënten. Bovendien komt
een disbalans in macrofagen niet alleen in astma voor, maar ook in andere ziekten,
zoals chronisch obstructief longlijden (COPD), longfibrose, leverfibrose en nog vele
andere aandoeningen. De bevindingen van dit proefschrift kunnen daarom nog veel
breder worden getrokken, zodat het ook nieuwe therapeutische inzichten kan geven
voor vele andere ziekten.
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Oké, nu is het echt tijd om iedereen te bedanken die mij, op welke manier dan ook,
heeft geholpen bij de totstandkoming van dit proefschrift. In dit aller, allerlaatste stuk
dat ik nog moet schrijven, wil ik als eerste mijn tot eerste gepromoveerde promotor
bedanken. Barbro, wat heb ik ontzettend veel van jou geleerd! Jij zag mij als masterstudentje bij de Medische Biologie en toen ben ik je achtervolgd naar de Farmacie. Je
liet me kennismaken met het allerleukste lab en al snel wist ik dat ik 4 jaar onder jouw
begeleiding mocht werken. Dat ik dit dankwoord nu op mijn Macbook zit te typen,
geeft wel aan dat je invloed groot is geweest. Je weet heel goed wat je wilt en je hebt
me aangestoken met jouw onuitputtelijke passie en motivatie voor de wetenschap.
Door jouw intensieve begeleiding is het een mooi verhaal geworden. Bedankt, prof B!
Leverfibrose en astma, wat heeft dat eigenlijk met elkaar te maken? Geen idee, maar
ik ben erg blij met jou als tweede promotor, Klaas! Je bent stiekem veel te fanatiek
en daarom wil je nooit meer een hardloopwedstrijdje tegen me lopen. Ik snap dat
wel. Vol bewondering heb ik altijd naar je verhalen geluisterd. Dat was erg leerzaam
en het leidde ertoe dat het laatste biertje nooit de laatste is. Jouw enthousiasme en
vrolijkheid zijn van grote waarde voor de sfeer en succes op het lab. Bedankt dat ik
daar deel van mocht uitmaken!
Mijn copromotor, Machteld, wil ik bedanken voor de fijne samenwerking. Jij hebt
net weer een andere kijk op de dingen en dat heeft de interpretatie van de data erg
geholpen.
I would like to thank the assessment committee, prof H. Meurs, prof. J.L. Hillebrands,
and prof. M. Peters Golden. Thank you for your willingness to be in the committee and
for judging the scientific quality of my thesis. Marc, I’m happy to continue my journey
in Ann Arbor!
Lieve Carian, wij mochten lekker samen beginnen als de eerste AIO’s van Barbro en
nu hebben we het allebei volbracht. Zo snel ging dat! Het was zo fijn om met jou lief
en leed te kunnen delen. Niets is te gek of raar, ik kon alles bij jou kwijt. Erg handig en
supergezellig dat wij 4 jaar lang op dezelfde kamer zaten. Wij kunnen niet even een
kort gesprek hebben, niks is ‘even’ hebben we wel gemerkt. Heel erg bedankt voor al
jouw hulp met alles (teveel om op te noemen).
Catherina, ik zou zo niks kunnen opnoemen wat jij niet voor elkaar hebt gekregen.
Heel fijn vond ik dat je altijd bereid was op mijn problemen/vragen op te lossen. Zelfs
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de ingewikkeldste kleuringen heb jij toch maar mooi aan de praat gekregen. Wow!
Wat zal ik je handigheid op het lab missen. En dan Eduard, ik ben jaloers op jouw
handigheid en efficiëntie. Jouw hulp op het CDP was geweldig. Ik knipperde met mijn
ogen en het was klaar. Stiekem denk ik nog steeds dat er meerdere Eduard’s zijn ;)
Daarnaast heb ik heel veel gehad aan de slimme feedback van Leonie op de ruwe data
die ik op maandagochtend presenteerde. Bedankt daarvoor!
Door de jaren heen heb ik, naast vaste waarde Carian, nog verschillende kamergenoten gehad. Marlies, jij zat daar al toen ik begon. Ik heb zoveel respect voor hoe jij het
moederschap met je promotie-onderzoek wist te combineren. Jouw jongens boffen
maar met zo’n lieve mama. Lieve Fransien, je was mijn laatste, nieuwe roomie in 318,
maar je hebt wel veel indruk gemaakt. Jij maakt ook echt alles bespreekbaar. Welke
andere kamergenoot zou mij ooit nog vragen of ie een scheet mag laten? Haha, jouw
vrolijkheid en gedrevenheid maken alles tot een succes. Dat komt echt wel goed!
Adhy, you are the sweetest person. I admire your willingness to help others. Kaisa,
kiitos! It was nice to share a room with you for my last few months at the lab. Marike
en Ruchi (your Dutch must be perfect by know), wij waren voor korte tijd kamergenootjes. Bedankt voor de hulp tijdens mijn opstartfase. Irma en Karin, jullie waren een
geweldig duo. Bedankt voor jullie gezelligheid! Je geïntroduceerde hoge stemmetje
heeft het nog heel lang standgehouden hoor, Irma :D I would like to wish my roomies
next door, Amirah and Valentina, all the best with finishing their PhD’s!
Lieve Jan, wat was het leuk om jou te treffen op de gang. Altijd heel vrolijk begroeten.
Daar word ik nu echt blij van! En van al die oranje bittertjes ook, haha. Bedankt voor
het opruimen van al mijn zooi. Oeps, ik was diegene die al die dienbladen en kopjes
aan het opsparen was en de afwas soms een beetje vergat. En als we het hebben over
mensen die veel klusjes voor me hebben opgeklaard… Gillian! Bedankt voor je hulp.
Je hebt zoveel voor me geregeld (en dat doe je stiekem nog steeds). Geny, bedankt
voor de waardevolle input tijdens de PTT research meeting. Dat was erg leerzaam
op vrijdagochtend. I would like to thank my other coworkers at the PTT department
for their contribution to a nice atmoshere at the lab and during the “borrrels”. It was
great working with you all. Although it was for a very short time, I was happy that I
met the new generation of smart PhD students: Laura, Roberta, Keni, Daphne and
Anienke. I wish you all good luck!
Bedankt dat wij als long-eilandje van de PTT wekelijks welkom waren bij de research
bespreking van de Pathologie. Het was heel fijn om vanuit een andere hoek input
te krijgen op de interpretatie van mijn data. Corry-Anke, Wim, Machteld en Patricia
wil ik in het bijzonder bedanken voor hun bijdrage. Bovendien heb ik dankbaar ge196
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bruikgemaakt van de coupescanners bij de Pathologie. Dat heeft me een hele hoop
tijd bespaard. Daarnaast hadden Marjan en ik een goede antilichamen-uitwisseling
lopen. Patricia, bedankt voor alle hulp bij het uitwerken van mijn data en op het CDP.
Ook al ben je uit het onderzoekswereldje gegaan, ik weet dat je nog steeds heel veel
interesse hebt in ons onderzoek. Tijdens onze FlexiVent-dagen hadden wij goede hulp
van het microchirurgisch team op het CDP. Ik wil alle medewerkers van het CDP in het
algemeen bedanken voor de goede zorg voor de muizen en het altijd bereid zijn om
onderzoekers te helpen.
De meeste van mijn co-auteurs zijn al even genoemd, maar ik wil ze toch nog even in
het bijzonder noemen. Barbro, Carian, Dirkje, Maarten, Nick, Patricia en Wim bedankt
voor jullie feedback op mijn manuscripten. Dirkje, Maarten en Nick, bedankt voor het
delen van de biopten en de daarbij behorende databases. Dirkje, bedankt voor de
fijne samenwerking!
Heel leuk en nuttig vond ik de GRIAC meetingen. De vaste kern was er bijna iedere
dinsdagmiddag wel te vinden. Bedankt voor de feedback op al mijn abstracts, posters
en presentaties. Dat was erg leerzaam!
Ik ben heel blij dat masterstudenten Marriël en Corine hun onderzoeksprojecten bij
mij hebben gedaan. Het optimaliseren van verschillende methoden leek soms misschien oneindig, maar jullie goede inzet heeft toch aan de publicatie van hoofdstuk
7 bijgedragen. Hetzelfde geldt voor meerdere groepjes bachelorstudenten van
Farmacie. Jullie waren er altijd veel tekort, maar het heeft mij uiteindelijk superveel
opgeleverd. Bedankt allemaal!
Naast het onderzoek doen, wil GSTV Tritanium bedanken voor het opslurpen van de
rest van mijn tijd. Heerlijk is het om stoom af te blazen of gedachten op een rij te
zetten tijdens de vele zwem-, fiets- en loop-uren die deze vereniging biedt. Triatleten
zijn eigenlijk maar rare mensen, maar wat een motivatie! Dat werkt echt veel te
aanstekelijk. Bedankt voor het mooie bestuursjaar, Edwin, Ruben, Rutger, Lilian en
in het bijzonder Carmen. Ik heb dankbaar gebruikgemaakt van jouw creativiteit en
perfectionisme voor de omslag.
Familie en schoonfamilie, voor jullie was het erg lastig te begrijpen wat ik allemaal
aan het uitspoken was. Dat snap ik helemaal en daarom wil ik jullie bedanken voor
de interesse die wel altijd werd getoond. Tijdens de familieweekenden was het ook
gewoon even lekker om met totaal wat anders bezig te zijn. Relaxt spelletjes spelen,
wandelen en lachen om mijn lieve, vrolijke neefjes en nichtjes.
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Allerliefste Frank, jij begrijpt mij als geen ander. Ik haal zoveel energie en motivatie
uit jouw steun. Niets lijkt onmogelijk met jou aan mij zij en ik kijk uit naar een mooie
toekomst.
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