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Abstract

The concept that macrophages play an active role in inflam-
matory responses began its development in the late 1800s
with the now iconic studies by Elie Metchnikoff using starfish
larvae and Daphnia [reviewed in Kaufmann SHE: Nat Immu-
nol 2008;9:705-712 and Cavaillon JM: J Leukoc Biol 2011;90:
413-424]. Based on his observation of the phagocyte re-
sponse to aforeign body (rose thorn) and yeast, he proposed
that phagocytes acted in host defense and were active par-
ticipants in the inflammatory process. Flash forward more
than 100 years and we find that these basic tenets hold true.
However, it is now appreciated that macrophages come in
many different flavors and can adopt a variety of nuanced
phenotypes depending on the tissue environment in which
the macrophage is found. In this brief review, we discuss the
role of one type of macrophage termed the alternatively ac-
tivated macrophage (AAM), also known as the M2 type of
macrophage, in regulating allergic lung inflammation and
asthma. Recent studies using mouse models of allergic lung
inflammation and samples from human asthma patients
contribute to the emerging concept that AAMs are not just

bystanders of the interleukin (IL)-4- and IL-13-rich environ-
ment found in allergic asthma but are also active players in
orchestrating allergic lung disease.

Copyright © 2012 S. Karger AG, Basel

Introduction

Asthma is a complex disease characterized by chronic
inflammation of the respiratory tract leading to airway
hyperreactivity and obstruction [1]. Asthma can be clas-
sified as atopic (allergic) or nonatopic (nonallergic). The
prevalence of atopy and asthma has increased dramati-
cally in adults and children over the past few decades,
with estimates that as many as 300 million people are af-
fected by this disease worldwide [2]. There is a disparity
in the prevalence of asthma across the world, with devel-
oped countries having higher rates of asthma. These dif-
ferences may be attributable to differences in genetic
makeup, lifestyle and environmental factors.

Exposure to allergens, tobacco smoke or other mole-
cules can trigger narrowing of airways and excessive pro-
duction of mucus by lung epithelial cells. Patients then
develop intermittent episodes of wheezing, shortness of
breath and coughing [1]. Repeated exposures can lead to
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airway remodeling. There are rodent models of asthma
that mimic many of the pathologies observed in humans,
including allergic lung inflammation. Extensive studies
in mouse models have shown that inhaled allergens acti-
vate epithelial cells, dendritic cells, macrophages, baso-
phils, mast cells and eosinophils. This causes priming of
allergen-specific CD4+ T helper cells (TH2 cells), which
then produce cytokines such as interleukin-4 (IL-4), IL-
13 and IL-5. These cytokines act on multiple cell types to
initiate and propagate the characteristic symptoms of
asthma mentioned above.

Alternatively Activated Macrophages

Cells of the monocyte-macrophage lineage are able to
adopt markedly distinct morphological and functional
characteristics depending on the nature of their extracel-
lular environment [3-8]. In the presence of IFNy and li-
popolysaccharide, macrophages adopt a potent proin-
flammatory phenotype and acquire the ability to effi-
ciently kill intracellular bacteria [reviewed in 6, 7]. These
cells are characterized by the expression of inducible ni-
tric oxide synthase and the classic proinflammatory cy-
tokines and chemokines (IL-1B8, IL-12, TNFa«, IP10).
Since these were the first type of activated macrophages
to be described, they were termed ‘classically activated’
macrophages (CAM) or M1. These CAM are found under
THI conditions during immune responses. However, un-
der TH2 conditions in the presence of IL-4 or IL-13, mac-
rophages adopt a different or ‘alternative’ phenotype.
These cells, termed alternatively activated macrophages
(AAMs) or M2, were first described in 1992 [9, 10]. These
cells do not express potent proinflammatory mediators;
in fact, the expression of inflammatory cytokines is sup-
pressed. Instead, these AAMs express a different set of
genes including increased levels of the macrophage man-
nose receptor (mrcl), arginase 1 (Argl), resistin-like mol-
ecule-a/found in inflammatory zone 1 (FIZZ1; Retnla),
chitinase and chitinase-like family members such as
acidic mammalian chitinase (AMCase; Chia) and YM1/2
(Chi3L3/4) and a number of fibrotic factors [7, 11-13].
Furthermore, these AAMs can fuse to form multinucle-
ated giant cells that act to sequester and degrade foreign
materials [14]. In the presence of immune complexes,
macrophages become regulatory cells producing high
levels of IL-10 [6]. During complex inflammatory re-
sponses in vivo, there may be a mixture of these stimula-
tory agents, leading to the presence of macrophages with
mixed phenotypes [6].

AAMs in Asthma

In addition to being phenotypically different from
other types of macrophages, AAMs are functionally dis-
tinct. Several reports have shown that AAMs protect the
host against parasitic pathogens [15, 16] and also decrease
inflammation at the site of injury, reducing the pathology
observed in response to inhaled pathogens [17, 18]. They
also play an important role in wound healing and tissue
repair processes. However, AAMs are substantially less
effective at killing intracellular bacteria than CAM, a
phenotype taken advantage of by Francisella tularensis to
enhance its survival [17].

During an immune response, both IL-4 and IL-13 can
be made by a number of different cell types. While it is
well known that IL-4 and IL-13 are produced by antigen-
specific TH2 lymphocytes, they can also be produced by
cells of the innate immune system [19]. Pathogen-associ-
ated molecular patterns (PAMPS) and patterns found in
innocuous allergens (allergen-associated molecular pat-
terns, AAMPS) activate cells through pattern recognition
receptors (PRRs). Stimulation of PRRs on epithelial cells
or alveolar macrophages can induce the production of in-
nate cytokines such as IL-25, IL-33 and thymic stromal
lymphopoietin (TSLP) [20]. Mast cells, basophils, eosino-
phils, macrophages and the innate lymphoid-like cell (or
nuocyte) have been shown to produce IL-4 or IL-13 after
stimulation by PAMPS, AAMPS or IL-33 [17-21]. Early
production of IL-4 and IL-13 by innate cells is thought to
be important for the initiation phase of the TH2-domi-
nant allergic inflammatory response (fig. 1a).

The biologic responses to IL-4 and IL-13, including the
alternative activation of macrophages, are mediated by
high-affinity cell surface receptor complexes consisting
of a 140-kDa, high-affinity binding chain (IL-4 receptor
a, IL-4Ra) and the common vy-chain (yc), which is also a
component of the receptors for IL-2, IL-7, IL-9, IL-15 and
IL-21 [22,23]. This complex is called the type I IL-4R. The
IL-4Ra can also pair with the IL-13Ral chain, forming
the type II receptor [24]. IL-4 can bind to and activate
both receptor types, while IL-13 only engages the type II
receptor. Macrophages express both types of receptors
and thus will respond to both IL-4 and IL-13 [25]. Once
the cytokines bind to their respective receptor, they acti-
vate two different signaling pathways, the signal trans-
ducer and activator of transcription (STAT) 6 and insulin
receptor substrate (IRS) 2 pathways [22]. STAT6 is neces-
sary for the alternative activation of macrophages in re-
sponse to IL-4 or IL-13 in vitro [26]. Further studies have
shown that AAM gene/protein expression in vivo is also
dependent on the IL-4Ra chain and STAT6. Loss of
STAT6 signaling caused a significant reduction in Retnla
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and Chi3L3 mRNA levels in bleomycin-induced lung fi-
brosis and allergic peritonitis models, respectively [27,
28]. Using a murine model of asthma, we found that the
number of AAMs recruited to the lungs in mice lacking
STAT6 or IL-4Ra was much lower when compared to
wild-type (WT) mice [29]. It has also been demonstrated
that promoter regions of the Argl, Retnla and Chi3L3
genes have consensus STAT6-binding sites [28, 30, 31].
Binding of both STAT6 and CCAAT enhancer-binding
protein to the promoter was required for optimal Retnla
and Argl expression [30, 31].

While IL-4 and IL-13 produce many similar biological
effects on a variety of cell types due to the sharing of the
IL-4Ra chain and the STAT6 pathway, responses to these
cytokines can differ in potency and their relative contri-
bution to the different phases of an allergic immune re-
sponse. We compared IL-4 and IL-13 signaling in prima-
ry bone marrow (BM)-derived macrophages (BMMs)
from WT or yc'~ mice in vitro [25]. We found that IL-4

Fig. 1. Possible roles for AAMs in asthma initiation and exacerba-
tion. a Initiation. In step 1, molecular patterns found in pathogens
(PAMPS) or allergens (AAMPS) stimulate PRRs expressed on
lung epithelial cells and alveolar macrophages. These cells then
make cytokines, including IL-25, IL-33 and TSLP, that stimulate
cells of the innate immune system. These cytokines can activate
dendritic cells (DC) and stimulate granuloctyes (mast cells and
basophils) and innate lymphoid cells (not shown) to produce IL-4
or IL-13.1L-4 or IL-13 in combination with IL-33 drive AAM dif-
ferentiation. In step 2, activated dendritic cells migrate to the
draining lymph node (LN) and with the help of an IL-4-produc-
ing cell such as a basophil stimulate naive CD4+ T cells to become
TH2 effectors or memory cells. In step 3, TH2 effectors migrate
to the site of inflammation producing high levels of IL-4, IL-5 and
IL-13. These cytokines mediate mucus secretion, AHR, chemo-
kine production, eosinophilic infiltration and further AAM dif-
ferentiation. b Exacerbation. In step 1, PAMPS or AAMPS stimu-
late PRRs expressed on lung epithelial cells and alveolar macro-
phages, leading to production of IL-25, IL-33 and TSLP. These
cytokines stimulate granuloctyes (mast cells, basophils, eosino-
phils) and innate lymphoid cells (not shown) to produce IL-4 or
IL-13. IL-4 or IL-13 in combination with IL-33 drive additional
AAM differentiation. In step 2, lung epithelial cells and AAMs
produce chemokines and other factors that recruit more inflam-
matory cells from the blood including eosinophils and mono-
cytes. Increased numbers of macrophages in the lung tissue may
also come from proliferation of interstitial macrophages as has
been noted during parasitic infections [86]. In step 3, allergen-
specific memory TH2 cells migrate to the site of inflammation,
producing high levels of IL-4, IL-5 and IL-13. These cytokines
mediate mucus secretion, AHR, chemokine production, eosino-
philic infiltration and further AAM differentiation, setting up a
positive amplification loop. M® = Macrophage.

AAMs in Asthma

was able to strongly activate the phosphorylation of IRS2
in WT but not yc”~ macrophages. The IRS2 from IL-4-
treated WT BMMs, but not from yc~'~ BMMs, was able to
coprecipitate with growth factor receptor-bound protein
2 and strongly recruit the p85 subunit of phosphatidylino-
sitol 3" kinase (PI-3K). The phosphorylation of STAT6 was
induced equally by IL-4 and IL-13 in both types of mac-
rophages. IL-13 failed to substantially induce IRS2 phos-
phorylation in either. Taken together, these data demon-
strate that IL-4 signaling through the type I receptor is
more efficient at inducing the activation of the IRS2 path-
way and that this function is mediated via the yc. We fur-
ther analyzed whether the signaling differences had an
impact on biological responses to IL-4 and IL-13 in mac-
rophages. Using primary BMMs derived from WT mice,
we found that IL-4 is dramatically more potent than IL-13
ininducing a subset of AAM genes (Argl, Retnla, Chi3L3),
even using concentrations of cytokine that elicited similar
levels of STAT6 activation. IRS2 activation leads to the ac-
tivation of PI-3K, suggesting that PI-3K is important for
AAM differentiation. Indeed, it was shown that inhibitors
of PI-3K suppressed alternative activation and that loss of
Src homology 2 domain-containing inositol phosphatase
(SHIP), a phosphatidylinositol phosphatase, led to en-
hanced AAM gene expression in vitro [32, 33]. Further-
more, SHIP~~ mice had increased numbers of AAMs in
vivo with accumulation of YMI crystals [33]. Taken to-
gether, these results indicate that while AAM gene expres-
sion is STAT6 dependent, efficient expression may also be
influenced by additional signaling pathways.

Intriguingly, mutation of an immunoreceptor tyro-
sine-based inhibition motifin the IL-4Ra chain shown to
interact with Src homology 2 domain-containing protein
tyrosine phosphatase (SHP)-1, SHP-2 and SHIP resulted
in increased sensitivity of macrophages to IL-13-mediat-
ed AAM activation [34]. The Y709 (WT) BMMs treated
with IL-4 led to significantly higher expression of AAM
genes (Argl, Chi3L3) and also Ccl11 than IL-13. Mutation
of Y709 residue to F709 resulted in enhanced STAT6
phosphorylation and led to a dramatic amplification of
Argl, Chi3L3 and Ccll1 genes in response to IL-13, while
leaving the IL-4-induced responses intact or slightly en-
hanced [34]. The authors proposed that differential re-
cruitment of SHP-1 by the type I and type II receptors
may be the reason for the disproportionate increase in
AAM activation induced by IL-13.

The relative role of IL-4 and IL-13 in AAM formation
was also evaluated in vivo. Analyses of AAM gene expres-
sionin IL-13Ral”~ mice have indicated that several AAM
genes were differentially regulated by IL-4 and IL-13.
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DNA microarray studies revealed that allergen and IL-4
stimulation of WT or IL-13Ra17~ mice induced similar
Retnla (FIZZ1) expression, but induction of Chia (AM-
Case) was completely dependent on IL-13Ral (type II re-
ceptor) [35]. Interestingly, allergen-induced Argl expres-
sion required the type II receptor, but IL-4-induced Argl
expression did not. Thus, it appears that IL-4 utilizes
both the type I and type Il receptors to induce these genes
in the lung.

Evidence suggests that there is cross-talk between the
IL-4/IL-13 pathways and other signaling pathways in
macrophages. Apart from STAT6 and CCAAT enhancer-
binding protein, other transcription factors such as per-
oxisome proliferator-activated receptors & and <y are re-
quired for maturation of AAMs and maximal gene ex-
pression [36, 37]. IL-33, a member of the IL-1 family of
cytokines, can also enhance IL-13-induced alternative
activation of macrophages in an allergen-induced asthma
model in mice [38]. These authors also showed that IL-33
amplified Argl, Chi3L3 and chemokine production by
AAMs in vitro [38].

Role of AAMs in Asthma Pathogenesis

Over the past few years, the contribution of AAMs to
TH2 inflammation has been evaluated. Many studies
have indicated a role for AAMs in the immune response
to helminth infections [39-41]. The functions of AAMs
in mouse models and in human asthma are just now be-
ing explored. Recent advances in this field suggest that
A AMs play an active role in exacerbating TH2 responses,
inducing eosinophilic inflammation, tissue remodeling
and fibrosis, and airway hyperresponsiveness (AHR).
However, their role in the initiation and establishment of
allergic lung inflammation is less clear. In this section, we
focus on our current understanding of how AAMs may
participate in asthma pathogenesis.

Studies in parasite infection models were the first to
suggest an active role for AAMs in a TH2-driven inflam-
matory response. Heligmosomoides polygyrus infection of
mice elicited a TH2 response, and AAMs accumulated at
the site of inflammation in response to IL-4 [39]. The
presence of AAMs also correlated with recruitment of eo-
sinophils to the lung and peritoneal cavity in mice in-
fected with Nippostrongylus brasiliensis [40]. A reduction
in macrophage numbers by clodronate depletion resulted
in reduced eosinophilia in both models. Several strategies
to delete the IL-4Ra simultaneously on monocytic and
granulocytic cells also suggested a role for AAMs in me-
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diating eosinophilic inflammation in parasite infection
models [41].

AAM formation during allergic lung inflammation
and the role of AAMs in this response is still unclear. Sev-
eral studies demonstrated a positive correlation between
the presence of macrophages and enhanced eosinophilic
inflammation using allergic models in mouse and man
[42-48]. A recent study showed that AAMs contribute to
the enhanced asthma response observed in female mice
as compared to male mice [45]. Female mice had greater
numbers of AAMs in lung tissue than male mice and
showed enhanced allergic lung inflammation. Adoptive
transfer of in vitro differentiated A AMs by intranasal in-
stillation enhanced allergic lung inflammation observed
in male mice. In support of these results, we have found
that adoptive transfer of IL-4Ra"/* BMM:s by intraperito-
neal injection, but not IL-4Ra’~ macrophages, was suf-
ficient to enhance TH2-dependent, ovalbumin-induced
allergic lung inflammation [49]. A separate study analyz-
ing the impact of IL-33 on AAM differentiation in vivo
also established a correlation between AAMs and eosino-
philia in a mouse model of allergic lung inflammation
[44]. Furthermore, infection of mice with Sendai virus
was shown to induce production of IL-13 by natural kill-
er T (NKT) cells and by alveolar and interstitial macro-
phages [43]. This IL-13 then stimulated AAM differen-
tiation in the lung; the A AMs were detected up to 49 days
following infection. The increase in AAMs was associ-
ated with enhanced mucus production and AHR.

Studies in patients also suggest a role for AAMs in hu-
man asthma. Asthmatics have greater numbers of mac-
rophages in their lungs as compared to healthy controls
[48, 50]. Furthermore, asthmatics have increased levels of
chitinase family members in their blood and lung lavage
fluid [51]. Interestingly, single-nucleotide polymorphisms
found in Chi3L1 (YKL40), Chia (AMCase) and mrcl
(mannose receptor) have been associated with asthma
[52-54]. Peripheral blood monocytes isolated from chil-
dren undergoing viral-induced asthma exacerbations
had elevated expression of AAM signature genes, includ-
ing mrcl encoding the mannose receptor [46]. Kim et al.
[43] reported increased numbers of IL-13+ macrophages
in bronchoalveolar lavage samples from asthma patients
as compared to healthy controls. Most recently, immuno-
histochemistry of biopsy specimens taken from the lungs
of asthma patients and healthy controls demonstrated an
increase in AAMs (defined by expression of mannose re-
ceptor, CD206 and stabilin-1) in the lungs of asthmatic
patients [48]. The percentage of AAMs in the lung tissue
correlated with peak expiratory flow variation, suggest-
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ing that AAMs may regulate asthma severity. Taken to-
gether, results from mouse models of allergic lung in-
flammation and studies in human asthma patients show
that AAMs are important, active contributors to TH2-
driven inflammation and are not just bystander cells re-
sponding to the TH2 cytokines.

While the evidence for an active role for AAMs in ex-
acerbation of TH2-driven inflammation is mounting, a
potential role of AAMs in the initiation phase is less clear.
The innate defense system in the lung includes several
macrophage populations that reside in distinct environ-
ments [55]. The alveolar macrophage is located outside of
the epithelial barrier in the airway lumen and regularly
comes in direct contact with inhaled agents. Tissue resi-
dent macrophages in the lung parenchyma, including in-
terstitial macrophages, are located on the basolateral side
of the epithelial barrier. During inflammatory responses,
additional monocytes can be recruited from the circula-
tion into the lung tissue and airways. It is not known
which type of macrophage actually becomes an AAM in
models of lung inflammation, although they all have the
potential to respond to IL-4 and IL-13.

Alveolar macrophages are thought to have a somewhat
distinct phenotype. They have elevated phagocytic ca-
pacity and lower expression of MHC class I molecules,
CD80 and CD86 as compared to other macrophage pop-
ulations [55]. Using strategies to deplete alveolar macro-
phages and adoptive transfer approaches, several groups
have shown that alveolar macrophages can be suppressive
for allergic lung inflammation [56]. Interstitial macro-
phages have also been shown to suppress allergic airway
responses to harmless allergens by producing IL-10 and
inhibiting dendritic cell activation and migration to
lymph nodes [57]. However, it is possible that certain
types of PAMPS or AAMPS can shift this suppressive
activity towards a promoting activity (fig. 1a).

Several respiratory pathogens and allergens have been
shown to induce the alternative activation of alveolar
macrophages to AAMs, including respiratory syncytial
virus [18], Sendai virus [43], Aspergillus fumigatus [58],
influenza [59] and house dust mites [60]. These agents
also act on epithelial cells via PRRs to induce production
of IL-25, IL-33 and TSLP [20]. These cytokines then act
on cells of the innate immune system, leading to the ac-
tivation of dendritic cells and the production of IL-4 or
IL-13 by mast cells, basophils, NKT cells or the newest kid
on the block, the so-called innate lymphoid cells [43, 61—
63]. Regardless of the source, the IL-4/IL-13 could then
further drive alveolar and interstitial macrophages to be-
come AAMs. While the contribution of AAMs in the ini-

AAMs in Asthma

tiation phase has not yet been established, several murine
studies provided evidence that AAMs can participate in
the initiation/sensitization phase by enhancing activa-
tion of dendritic cells [45, 60]. The activated dendritic
cells would then migrate to the draining lymph node
where they would present allergen to naive CD4+ T cells
in a manner that would drive differentiation to the TH2
type. Upon further allergen exposure, the TH2 cells
would populate the lung tissue, inducing a further in-
crease in AAMs and stimulating eosinophilic inflamma-
tion, thereby establishing a type 2 inflammatory envi-
ronment in the lung.

As described above, a role for AAMs in asthma exac-
erbations is supported by studies in mice and men (fig. 1b).
Re-exposure to allergens after initiating and establishing
the allergic inflammatory phenotype would lead to IgE
receptor cross-linkage on mast cells and activation of TH2
memory cells. Enhanced production of IL-4, IL-5 and IL-
13 would lead to enhanced mucus hypersecretion, AHR
and AAM differentiation. Lung epithelial cellsand AAMs
would produce chemokines and other factors that would
recruit more inflammatory cells from the blood, includ-
ing eosinophils and monocytes, setting up an amplifica-
tion cycle between BM-derived cells and the lung [47].
Children undergoing viral-induced asthma exacerbations
had increased numbers of peripheral blood mononuclear
cells with an AAM gene signature [46]. Two studies using
viral infection of mice lend credence to this model. Sen-
dai virus infection induced the production of IL-13 by
NKT cells, which induced AAM differentiation; the IL-
13+ AAMs were found in the lungs long after viral infec-
tion [43]. Influenza infection induced the production of
IL-33, which acted on innate lymphoid cells in the lung to
rapidly produce IL-13, thus stimulating mucus secretion
by epithelial cells and AHR [64]; influenza infection also
stimulated AAM differentiation of alveolar macrophages
[59]. Taken together, these results suggest that repeated
allergen sensitization and respiratory virus infection can
set off an amplification cycle including AAMs that leads
to the exacerbation of asthma symptoms.

Specific Contribution of AAM Products to Allergic
Lung Inflammation

An important question arising from these studies is
how the AAMs actively enhance the inflammatory re-
sponse. IL-4/IL-13-stimulated mouse and human macro-
phages make a number of factors that may elicit effector
functions, leading to exacerbation of symptoms. Produc-
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tion of IL-13 by AAMs would clearly elicit enhanced ef-
fector responses. However, the precise contribution of the
many AAM products to allergic inflammation is not clear.

Arginase Family of Proteins

Arginase is an enzyme that competes with inducible
nitric oxide synthase for L-arginine and converts it into
ornithine and polyamines, in contrast to inducible nitric
oxide synthase, which induces nitric oxide production
[65]. There are two main isoforms of arginase, Argl and
Arg2. Only Argl has STAT6 response elements in its pro-
moter region and can respond to TH2 cytokines [66].
However, both Argl and Arg2 mRNA have been reported
to be upregulated during asthma. Argl was STAT6 de-
pendent but Arg2 was not [67]. Argl is mainly induced in
murine macrophages. Although homologs exist, this pro-
tein is not expressed by human AAMs [68].

Arginase expression has been detected in several
mouse models of helminth infections as well as asthma
[11, 65, 67, reviewed in 69]. Several reports suggest that
Argl-induced production of proline and polyamines
leads to collagen synthesis and development of fibrosis
[70]. These processes may be harmful in the context of
asthma and allergic inflammation but are required for
wound healing [65]. Argl also helps protect against hel-
minth infections by facilitating parasite killing and re-
ducing pathology associated with TH2 inflammation [71,
72]. Argl expression in macrophages suppresses TH2
type inflammation and fibrosis in Schistosoma-infected
Argl conditional knockout mice [72].

Several groups have investigated the role of arginase in
allergic lung inflammation with contrasting results. It is
known that Argl is expressed in the lungs of asthmatic
patients as well as mice [73]. Argl blockade using spe-
cific inhibitors led to reduced AHR and decreased airway
eosinophilia, goblet cell hyperplasia, AHR and lung fi-
brosis [73, 74] in a mouse and guinea pig model of chron-
ic asthma, respectively. However, since Argl can be ex-
pressed by macrophages as well as epithelial cells, it was
not clear which of these cell types was contributing to the
asthma phenotype. Using a BM chimera approach, Niese
et al. [75] reported that BM cells were the predominant
source of Argl. In spite of this, Argl expression by BM
cells was not required to induce airway inflammation,
AHR or collagen deposition.

FIZZ/Resistin-Like Molecule Family of Proteins

FIZZ proteins are a family of proteins secreted by
AAMs [reviewed in 69]. They are also named resistin-like
molecules because of the sequence similarity with resis-
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tin, a protein that is secreted by adipocytes. Four different
subtypes of FIZZ proteins have been characterized,
F1ZZ1-4. All these proteins have highly conserved C-ter-
minal cysteine residues, which determine their tertiary
structure. Murine FIZZ1, which is secreted by both AAM
and epithelial cells, does not have a homolog in humans.
However, human resistin is more closely related to mouse
FIZZ1 than to mouse resistin. FIZZ2 is present in both
mice and humans and is mainly expressed in the gut and
lung [31, 76]. Much less is known about FIZZ3 and FIZZ4.
FIZZ1 and FIZZ3 are also hypothesized to play a role in
insulin resistance and type 2 diabetes.

Of the four isoforms, FIZZ1 is most widely expressed.
FIZZ1 was originally discovered in bronchoalveolar la-
vage fluid in a mouse model of asthma [77]. Elevated lev-
els of FIZZ1 mRNA have since been detected in parasite
infection models [69], allergic lung inflammation [28, 29,
77], allergic peritonitis [28], bleomycin-induced lung fi-
brosis [27] and hypoxia-induced pulmonary hyperten-
sion [78]. FIZZ1 has been reported to induce smooth
muscle proliferation and actin and collagen deposition,
causing fibrosis [79]. Similar to Argl, FIZZ1 also been
shown to have a protective role in helminth-induced im-
munopathology [80]. FIZZ17/~ mice infected with either
Schistosoma mansoni or N. brasiliensis displayed signifi-
cantly increased granulomatous inflammation together
with fibrosis in the liver and severe lung pathology, re-
spectively [80]. The contribution of FIZZ1 to asthma is
still unclear. Our studies have shown that IL-4 induces
robust induction of FIZZ1 mRNA in macrophages in vi-
tro [25], but FIZZ1 protein expression in these cells was
absent in vivo in a mouse model of asthma [29].

Chitinase and Chitinase-Like Mammalian Proteins

In addition to the arginase and FIZZ family members,
AAMs also produce chitinases and chitinase-like pro-
teins. Chitin, a polymer of N-acetlyglucosamine, is pres-
ent in helminths, fungi, crustaceans and other lower or-
ganisms and is the substrate for the enzyme chitinase
[81]. One such protein is AMCase, which is expressed in
the stomach and to a lesser extent in the lung. Other
members of this family in rodents include YM1, YM2 and
breast regression protein (BRP)-39. These proteins lack
chitinase activity. YM1/2 lack human homologs [68];
however, AMCase and YKL-40 (the human equivalent of
BRP-39) are expressed by human cells [51, 82]. A recent
study suggests that human chitotriosidase 1 represents
the human counterpart of mouse YM1/2 in chronic ob-
structive lung disease [83].
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Induction of chitinase-like mammalian proteins is a
characteristic feature of helminth infection as well as
asthma and other inflammatory diseases [16, 81]. It is hy-
pothesized that chitinases bind and degrade chitin pres-
ent in the cuticles of helminths. Although YM1 lacks chi-
tinase function, it can bind to saccharides with a free
amine group (such as heparin or N-glucosamine). There-
fore, it has been postulated that YM1 may be involved in
worm egg degradation and tissue repair. Chitinases have
also been implicated in asthma. Zhu et al. [82] demon-
strated that AMCase expression was greatly enhanced
upon ovalbumin sensitization and challenge in mice and
also in asthma patients. In both species, epithelial cells as
well as macrophages expressed AMCase mRNA and pro-
tein. The authors further showed that administration of
anti-AMCase antibodies to antigen-challenged or IL-13
transgenic mice led to a significant decrease in pulmo-
nary inflammation, eosinophilia and AHR. Moreover,
AMCase blockade also reduced secretion of the IL-13-
induced chemokines CCL2 [monocyte chemotactic pro-
tein (MCP)-1], CCL8 (MCP-2) and CCL4 (macrophage
inflammatory protein-1f) in the lung.

Another chitinase-like protein, BRP-39, was found to
be highly expressed in alveolar macrophages and epithe-
lial cells in a murine model of allergic lung inflammation
[60]. Mice deficient in BRP-39 elicited reduced antigen-
specific TH2 responses including IL-13-induced tissue
inflammation and fibrosis. In addition, recombinant
BRP-39 was found to directly regulate alternative activa-
tion of macrophages [60]. Stimulation of peritoneal and
alveolar macrophages with recombinant BRP-39 in vitro
led to enhanced Argl activity and mannose receptor ex-
pression. The contribution of YM1 in asthma is still un-
clear. YMI can recruit eosinophils to the site of inflam-
mation and has also been implicated in tissue remodel-
ing and fibrosis [81]. Furthermore, YM1/2 has been
shown to enhance TH2 cytokine production by T cells
[84]. Allergen sensitization and challenge upregulated
YMI protein levels in both epithelial cells and macro-
phages in WT mice, which was absent in mice deficient
in STAT6 [29].

Chemokines

In addition to these products, AAMs make a number
of chemokines. IL-4/IL-13 stimulation of macrophages
induces the production of eotaxin 1 and 2 (CCL11 and
CCL24), which recruit eosinophils [85]. AAMs also pro-
duce CCL2 (MCP-1), CCL22 (macrophage-derived che-
mokine) and CCL17 (thymus and activation-regulated
chemokine), which recruit macrophages and TH2 cells

AAMs in Asthma

[7]. IL-4 stimulation of AAM has been shown to enhance
the production of macrophage inflammatory protein-lo
(CCL3), a granulocyte chemokine [85]. In humans, IL-4
stimulates production of CCL13, CCL14, CCL17, CCL18,
CCL22 and CCL24 [reviewed in 7]. These chemokines at-
tract cells that express chemokine receptors CCR1-4 to
the site of inflammation. Thus, AAMs produce a number
of chemokines capable of enhancing recruitment of TH2
cells, eosinophils and macrophages to the lung.

Conclusion

The diverse states of macrophage activation play im-
portant roles in immune responses to pathogens and oth-
er agents. The chronic activation of macrophages has
been linked to a variety of inflammatory diseases. With-
in the site of inflammation, macrophages can produce a
range of cytokines, chemokines, growth factors and pro-
teolytic enzymes that may participate in either tissue
damage or tissue repair. The AAMs and their secreted
products are induced by a number of pathogens and al-
lergens. The presence of these AAMs in human airways
and lungs has been correlated with asthma severity. Fur-
thermore, in mouse models of allergic lung inflamma-
tion, AAMs have been shown to actively contribute to
disease severity. Several reports further show that viral
infection induces AAMs in the lung, which could impact
on the subsequent enhanced responsiveness to allergens.
Thus, AAMs and their products represent potential ther-
apeutic targets for the treatment of asthma.
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