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ABSTRACT

Asthma is recognized as a heterogeneous disorder, al-
though in most patients, the clinical manifestations are
effectively managed with established combination ther-
apies. However, 5-10% of asthmatics have severe
asthma, which does not respond to treatment, and
these patients account for >50% of asthma-related
healthcare costs. New investigations into the patho-
genesis of glucocorticoid resistance in severe asthma
indicate that pulmonary macrophages may play central
roles in promoting airway inflammation, particularly in
asthma that is resistant to steroid therapy. Importantly,
factors that are linked to the activation of pulmonary
macrophages may contribute to glucocorticoid resis-
tance and severe asthma. Here, we review recent ad-
vances in understanding the roles of pulmonary macro-
phages in the mechanisms of glucocorticoid resistance
and the pathogenesis of severe asthma. We discuss
the role of macrophage phenotype, infection, IFN-vy,
LPS, associated signaling pathways, TNF-«, MIF, and
other macrophage-associated factors. Understanding
the pathogenesis of steroid-resistant severe asthma
will contribute to the identification of optimal therapeu-
tic strategies for the effective management of the
disease. J. Leukoc. Biol. 91: 000-000; 2012.

Introduction

Allergic asthma is characterized by wheezing, cough, and
dyspnea and is driven by the development and recruitment
of CD4" Th2 cells to the lung. These cells release cytokines
(e.g., IL-4, -5, -9, and -13) that promote eosinophil and mast
cell influx, mucus hypersecretion, airway wall remodeling,

Abbreviations: AHR=airway hyper-responsiveness, BALF=BAL fluid,
CHIBL1=chitinase 3-like 1, FEV,=forced expiratory volume in 1 s, GCR=
glucocorticoid receptor, IRF-1=IFN-regulatory factor 1, KC=keratinocyte-
derived chemokine, MDSC =myeloid-derived suppressor cell, MIF=
macrophage migration inhibitory factor, MMP-12=matrix metallopeptidase-
12, Retnl a=resistin-like molecule «, RSV=respiratory syncytial virus, RV=
rhinoviruses, TAM=tumor-associated macrophage, TRIF=Toll-IL receptor
domain-containing adaptor-inducing IFN-
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and airway hyper-responsiveness (AHR), which underpin the
clinical manifestations of mild to moderate disease (re-
viewed in refs. [1, 2]).

By contrast, severe asthmatics frequently have neutrophil-
dominated airway inflammation rather than increased num-
bers of eosinophils in their sputum, a mixed Th2/Thl and
potentially Th17 phenotype, and chronic bacterial coloniza-
tion of the airways (reviewed in ref. [2]). There is increasing
evidence that Th2-mediated pathways may not primarily regu-
late disease in patients with severe asthma. Although the
pathogenesis of severe asthma is complex and clearly multifac-
torial [3, 4], the prevalence and effects of respiratory tract in-
fections and activated immune pathways involved in innate
host defense strongly suggest a causal role [3, 5-12]. For ex-
ample, activation of neutrophils and macrophages and ele-
vated levels of CXCLS8, IFN-y, and LPS occur in the airways of
severe asthmatics and are often linked to a decline in lung
function. These inflammatory features are clearly distinct from
those of allergic or eosinophilic asthma, where Th2 cell-medi-
ated inflammation predominates [2, 13]. Thus, innate host
defense pathways may contribute to the pathogenesis of severe
asthma, as well as to the features of disease in individuals who
are refractive to anti-inflammatory therapy with glucocorticoids
[14, 15].

There is no universally accepted definition of severe asthma,
although the recent World Health Organization statement pro-
vides a consensus definition in terms of current clinical con-
trol, with severe asthma having an increased risk of frequent,
severe exacerbations and/or adverse reactions to medications
and/or chronic morbidity. Thus, it includes untreated asthma,
difficult-to-treat severe asthma, and treatment-resistant severe
asthma [16]. A lack of improvement in FEV, after long-term
glucocorticoid treatment is a characteristic feature. Indeed,
failure to increase baseline FEV, by >15% after oral pred-
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nisolone treatment of 20 mg daily in the 1st week and 40 mg
daily for the 2nd week or variations thereof are reasonable,
widely used measures [17]. Many clinical bodies, including the
British Thoracic Society and the Severe Asthma Research Pro-
gram, have developed working clinical definitions of severe
asthma to promote unified approaches in clinical practice and
research [18-20]. These programs define severe asthma based
on response to glucocorticoids and clinical features of the dis-
ease.

PERSISTENT AHR

AHR is the exaggerated narrowing of the airways in response
to nonspecific stimuli, and it is a major clinical manifestation
of asthma. The degree of AHR often correlates with the sever-
ity of disease [13], and the titration of therapy based on con-
trol of AHR may also yield superior therapeutic outcomes
[21]. The precise mechanisms that regulate the development
of AHR remain unclear, but it has at least two components:
one that is present at baseline and another that is related to
environmental triggers, such as allergen exposure or infection
[9, 22-24]. Allergen provocation of allergic asthmatics elicits
an immediate bronchoconstriction and an acute inflammatory
response [25]. This early-phase response, which is character-
ized by acute airway obstruction, can last from 30 min to sev-
eral hours after allergen exposure [26] and is thought to be
triggered by inflammatory mediators released from mast cells
following cross-linking of surface-bound IgE by antigen [27].
Approximately 50% of individuals who experience an early-
phase response may also exhibit a late-phase response that is
associated with persistent AHR, lasting for at least 7 days [26].
Infiltrating inflammatory cells and their proinflammatory
products have been linked to the development of persistent
AHR [28-30]. However, persistent AHR may be dissociated
from inflammatory cell recruitment [26], implying that resi-
dent pulmonary cells may contribute to this response.

GLUCOCORTICOID RESISTANCE

Chronic airway inflammation and AHR in the majority of asth-
matics (mild to moderate, allergic) can be effectively managed
by combination therapy with broad-spectrum, anti-inflamma-
tory agents and bronchodilators, typically inhaled glucocortico-
ids, and long-acting B-agonists [31-33]. Glucocorticoids are
used to suppress immune and inflammatory responses involv-
ing Th2 cells, eosinophils, and mast cells [31]. However, se-
vere asthmatics remain refractory to steroid therapy [34].
Glucocorticoids are highly diffusible lipophilic molecules
that bind to GCRs in the cytoplasm, and the resulting complex
migrates to the nucleus [3]. In addition to inducing apoptosis
in lymphocytes, activated GCR complexes inhibit the expres-
sion of proinflammatory genes (e.g., IL-2, PGs, and leukotri-
enes) and increase the expression of anti-inflammatory genes
(e.g., annexin-1, secretory leukoprotease inhibitor 1, and IL-
10) [3, 35]. This occurs through the regulation of gene tran-
scription, including via the suppression of transcriptional sig-
naling pathways, such as those activated by AP-1, MAPKs, NF-
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kB, and others. Furthermore, activated GCR complexes can
modulate gene expression by reducing histone acetylation, de-
stabilizing the mRNA of inflammatory factors (e.g., TNF-«),
and decreasing the recruitment of transcriptional factors. Glu-
cocorticoids also prevent proinflammatory cytokine (such as
IL-1B)-induced impairment of B2R-mediated relaxation. This
likely occurs through the restoration of adenylyl cyclase action
and the suppression of the enhanced activity of cytosolic
GPCR kinases [36].

The development of glucocorticoid resistance is multifacto-
rial, and we have recently reviewed the mechanisms involved
[4]. They include abnormal expression of GCRs, defects in
transcriptional factor activity, epigenetic changes, and other
environmental, physiological, and psychological factors. For
example, phosphorylated STAT5 can directly bind the GCR
protein, which may result in the loss of suppressive function of
glucocorticoids in murine T cells [37]. Furthermore, excessive
activation of NF-kB overwhelms the suppressive responses in-
duced by activated GCRs and leads to steroid resistance [38].
Epigenetic changes (e.g., histone acetylation and DNA methyl-
ation) critically modulate the expression of genes and deter-
mine whether target genes are expressed or suppressed [39].
Indeed, defective acetylation of histone acetylase activity and
DNA methylation was linked to steroid resistance in a group of
asthma patients [40, 41]. It is emerging that microRNAs, an-
other class of epigenetic regulatory molecules, can induce ste-
roid resistance by promoting the degradation of mRNA and
suppressing the translation of GCR proteins [42—-44]. Al-
though evidence is limited, smoking and oxidative and chronic
stress may also contribute to steroid resistance through persis-
tent activation of PI3K, alterations in TLR activity, and im-
paired function of histone deacetylase [45—47].

PULMONARY MACROPHAGES AND
ASTHMA

Macrophages have an indispensable role in host defense and
contribute to almost every aspect of immunity, recognition,
engulfment, and elimination of antigen from invading patho-
gen, cytokine release, and the induction of innate and adap-
tive immune responses [48, 49]. Depending on the tissue in
which they reside, macrophages can develop distinct morpho-
logical features and functions. For example, macrophages in
the liver and spleen, are important in defense against blood-
borne pathogens, whereas peritoneal macrophages control
bacteria of the enteric microflora [50, 51].

Pulmonary macrophages

Tissue macrophages in the lung (i.e., pulmonary macro-
phages) can be derived from peripheral blood monocytes or
from a stable, self-sustaining population of resident lung mac-
rophages. It has long been recognized that pulmonary macro-
phages modulate the contractility of airway smooth muscle by
inducing histamine release from mast cells and basophils [52],
by impairing airway -adrenergic function through the produc-
tion of oxygen radicals [53], and by augmenting cholinergic
neurotransmission via the generation of thromboxane A2 [54].
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These studies suggest that pulmonary macrophages may be
involved directly in the development of airway hyperrespon-
siveness, which is a hallmark feature of asthma (Fig. 1).

Under resting conditions, pulmonary macrophages have a long
halflife of 1~2 months, with a turnover rate of 40% in 1 year in
mice [55, 56]. Like most macrophages, pulmonary macrophages
express F4/80 and CD68, which are considered the classical mac-
rophage markers [50]. Pulmonary macrophages also show
unique properties compared with other tissue macrophages and
express high levels of CD11c and DEC-205 [57, 58]. In other tis-
sues, CD11c is generally only expressed by DCs, NK cells, and
activated T cells subsets [59-61], whereas DEC-205 is normally
only expressed by certain subpopulations of DCs [62]. In con-
trast, it is thought that DCs in the lung do not express F4/80 or
CD68 [50]. These unique features of pulmonary macrophages
may be determined by their tissue microenvironment (e.g., high
oxygen tension), exposure to infectious agents, and immunoregu-
latory factors.

Although macrophages are the most abundant pulmonary
innate immune cells, are crucial in modulating chronic inflam-
mation [63], and have dysfunctional activation and phagocyto-
sis in severe asthma [64], our understanding of the role of
pulmonary macrophages in the pathogenesis of the disease
remains rudimentary and controversial [65]. To date, asthma
research has largely focused on the Th2/eosinophil axis, and
the role of pulmonary macrophages has been neglected. Al-
though it is true that Th2 cells and eosinophils are major con-
tributors to the pathogenesis of allergic inflammation of the
airways, nevertheless, studies in animal models of asthma have
indicated a central role for pulmonary macrophages in the
development of allergic airways disease.

In particular, activated pulmonary macrophages may be im-
portant effector cells in airway inflammation. In an experimen-
tal model of an acute exacerbation of chronic asthma, we have
shown that pulmonary macrophages can stimulate Th2 cyto-
kine secretion by primed CD4" T cells via mechanisms involv-
ing the expression of CD80/86 costimulatory molecules [66].
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Figure 1. Macrophages regulate the contractility of airway smooth mus-
cle through the production of histamine and by altering f-adrenergic
and cholinergic responses. Macrophages produce oxygen radicals,
which suppress the function of B-adrenergic receptors, and thrombox-
ane A2, which increases the function of cholinergic receptors. Macro-
phages can also release histamine directly or stimulate basophils and
mast cells to generate histamine. Each of these effects induces airway
smooth muscle contraction and potentially, AHR.
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Pulmonary macrophages may contribute to severe asthma

M1 and M2 macrophages

Macrophages have been divided into M1 and M2a/b/c sub-
types, based on their expression of cytokines, especially
chemokines, and other specific markers: classically activated
M1 macrophages and alternatively activated M2 macrophages
[63]. It should be noted that the initial definition of these sub-
types was largely on the basis of in vitro studies using bone
marrow- or monocyte-derived macrophages [67, 68], although
there is now increasing evidence that these phenotypes also
exist in vivo.

M1 macrophages are induced by Th1 cytokines, particularly
IFN-y and LPS, and characteristically produce CXCL9 and
CXCL10 [67, 69]. M1 macrophages typically participate in Th1
responses and modulate host defense against intracellular
pathogens, tumor cells, and tissue debris [63, 67].

By contrast, M2 macrophages are induced by IL-4 and IL-13
and other Th2 cytokines, and they typically produce chemo-
kines such as CCL17, CCL22, and CCL24 [69-71]. Recent
studies have identified roles for M2 macrophages in models of
allergic inflammation of the airways [72, 73], and they are
known to promote Th2 reactivity, including parasite elimina-
tion, suppression of inflammation, and tissue remodeling [74].
Moreover, their chemokine products are likely to be function-
ally relevant in asthma, as CCL24 cooperates with IL-13 in the
recruitment of eosinophils [75].

M2 macrophages also secrete another relevant chemokine,
CCL18, in response to stimulation with Th2 cytokines, and
IL-4 driven CCLI18 production is amplified further by gluco-
corticoids [76]. CCL18 is mainly produced by APCs, such as
pulmonary macrophages and monocyte-derived DCs [76, 77].
As the mouse does not have a CCL18-equivalent gene, investi-
gations of the effects of this chemokine have been performed
using its overexpression by adenoviral vectors in the lungs of
mice. Overexpression results in massive trafficking of T cells
into the lung, pulmonary inflammation, and fibrosis [78, 79].
This suggests that CCL18 may contribute to the development
of lung diseases by inducing the influx of T cells that have
pathogenetic effects. CCL18 preferentially regulates the traf-
ficking of Th2 cells and basophils and induces the release of
histamine and intracellular calcium from basophils [80]. Fur-
ther evidence for the involvement of CCL18 in asthma patho-
genesis has been provided by the use of protein microarray
analysis, which showed elevated levels of CCL18 in the sputum
of asthma patients [81]. Together, these studies indicate an
important role for CCL18 in the pathogenesis of asthma,
through the recruitment of proasthmatic immune cells into
the lung, although its exact mechanisms of action remain to
be elucidated (Fig. 2).

Arginase I and Retnl « are two well-known signature mark-
ers of M2 macrophages [68]. In vivo studies with Retnl a-defi-
cient mice have shown that Retnl a reduces schistosomiasis-
induced inflammation of the lung by suppressing Th2
responses [82], suggesting that M2 macrophages may have
anti-inflammatory effects. However, increasing evidence indi-
cates that they may be crucial in the elimination of parasites
and in the development of airway inflammatory diseases [48].
Moreover, Retnl o may contribute to the development of AHR
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Figure 2. Mechanisms that underpin the contributions of hu-
man M2 macrophages to asthma exacerbations and airway
remodeling. Th2 cytokines (e.g., IL-4 and -13) and glucocorti-
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[83]. M2 macrophages have been shown to be more abundant
in the BALF and airway wall tissue of asthmatic compared with
healthy subjects [72, 84]. Investigations in children have re-
vealed that during acute exacerbations of asthma, circulating
monocyte populations up-regulate the expression of genes that
are indicative of an alternatively activated phenotype [85].
Studies with animals have shown increases in the levels of M2
macrophages in the lung in models of asthma, and adoptive
transfer of M2 macrophages during allergen challenge exacer-
bated the severity of allergen-induced disease [73]. Further-
more, enhanced levels of IL-13-producing macrophages have
been found in the BALF from subjects with severe asthma
[72], suggesting that M2 macrophages may contribute to re-
duced lung function in asthma patients. These studies demon-
strate an association between M2 macrophages and asthma.

Emerging evidence also indicates a causative role for this
macrophage phenotype in the pathogenesis of asthma, which
likely involves their production of other inflammatory factors,
such as CHI3L1 and MMP-12 [86, 87] (Fig. 2). The murine
counterpart of CHI3LI is Ym1, which is a very well-recognized
marker of M2 macrophages and may be an eosinophil che-
moattractant [88]. CHI3LI participates in the proliferation,
differentiation, and survival of cells and in the remodeling of
ECM [89], and is closely linked to reduced lung function and
AHR in asthmatic subjects [87]. Indeed, elevated levels of
CHI3L1 were detected in the serum and lung tissue of pa-
tients with asthma and positively correlated with disease sever-
ity [90]. MMP-12 regulates the degradation of ECM and may
contribute to airway remodeling in patients with asthma [91].
Recently, the gene variant of MMP-12 has also been linked to
asthma exacerbations and increased severity of the disease [86,
92]. Mukhopadhyay and colleagues [92] have since shown that
treatment with MMP-12 inhibitors significantly suppressed early
and late airway responses to allergen in a sheep model of asthma.
Together, these studies have indicated the possible mechanistic
roles of pulmonary macrophages and the mediators they produce
in the pathogenesis of severe asthma (Fig. 2).

Despite the evidence for different macrophage phenotypes,
emerging studies have demonstrated the phenotypic plasticity
of macrophages and the functional overlap between subtypes
of these cells [68, 93]. For example, in an infectious model of
Listeria, circulating monocytes can first have an M1 phenotype
but subsequently develop an M2 phenotype.
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Moreover, recent human studies suggest that M1 pulmonary
macrophages play a key role in the development of severe
asthma. Goleva et al. [8] showed that steroid-resistant asth-
matic patients have increased expression of M1 and decreased
expression of M2 markers on macrophages in BALF. These
observations highlight the complex roles of pulmonary macro-
phages in the regulation of the pathogenesis of severe asthma.

Regulatory macrophages

There is also much evidence for the existence of other sub-
types, e.g., regulatory macrophages [63]. A major feature of
regulatory macrophages is the production of large amounts of
IL-10, which is considered to be an anti-inflammatory cytokine
[94]. These macrophages have been shown to reduce inflam-
mation and pathological changes in acute and chronic models
of inflammation [95, 96]. Thus, unlike the other two pheno-
types, regulatory macrophages may be critical in modulating
excessive immune responses and preventing inflammatory dis-
eases.

In a mouse model of asthma, Tang and colleagues [97]
have shown that pulmonary macrophages suppress Th2 cell-
mediated airway inflammation and AHR through the up-regu-
lation of Th1 responses. Depletion of pulmonary macrophages
led to an enhanced Th2 phenotype and more severe airway
inflammation and AHR after antigen challenge. This suppres-
sive effect of pulmonary macrophages may be linked to the
release of IFN-y [97]. Furthermore, adoptive transfer of pul-
monary macrophages from unsensitized rats protects sensitized
rats from the development of AHR after OVA challenge [98].
There is likely bidirectional regulation between the Th2/eosin-
ophil axis and pulmonary macrophages, as antigen challenge
of sensitized rats suppresses the phagocytic function of pulmo-
nary macrophages [99]. Moreover, recent studies have shown
that adoptive transfer of activated eosinophils attenuates the
suppressive role of pulmonary macrophages by increasing
the differentiation of M2 macrophages [100]. As most of these
studies do not directly determine by what mechanisms these
macrophages might attenuate airway inflammation and AHR,
it remains unclear how these cells exhibit their suppressive
action, and if these macrophages are regulatory macrophages
or other macrophage populations with suppressive roles. Addi-
tionally, these and several other populations of macrophages
(i.e., regulatory macrophages, TAMs, and MDSCs) demon-
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Figure 3. Mechanisms involved in the induction of AHR, air-
way inflammation, and glucocorticoid resistance by pulmonary
macrophages and related factors. IFN-y and LPS activate pul-
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strate immune-suppressive activity; however, there are distinct
differences among them [101]. Regulatory macrophages pro-
duce large amounts of IL-10 in response to FcR-y stimulation
[94]. TAMs are able to suppress anti-tumor immunity through
the production of IL-10 and TGF-$, and MDSCs are thought
to be the precursors of TAMs [51]. As the production of IL-10
is one of the significant features of regulatory macrophages
and TAMs, another question remains: are these cells distinct
populations of macrophages with suppressive roles, or are they
the same cells that behave differently within a different tissue
environment?

Interestingly, pulmonary macrophages from asthmatic sub-
jects produce less IL-10 than those from healthy controls
[102]. Furthermore, pulmonary macrophages from patients
with severe compared with moderate asthma produce more
IL-6, IL-8, and monocyte-derived chemokine, whereas IL-10
production is undetectable in these cells. This suggests that
the inhibitory function of pulmonary macrophages is absent,
whereas the inflammatory function of these cell is heightened
in severe asthma [103]. Emerging evidence indicates that a
group of macrophages—lung interstitial macrophages produc-
ing high levels of IL-10—prevents Th2 polarization and airway
responses in an experimental model of asthma [104]. Lung
interstitial macrophages are also crucial in maintaining im-
mune homeostasis in the respiratory tract and preventing the
development of airway allergic responses under normal condi-
tions [104]. These observations may reflect the fact that the
activation status of macrophages is a spectrum, as these are
highly plastic immune cells that can respond differently to
variable microenvironmental stimuli, rather than having dis-
crete and stable subpopulations.

Thus, the roles of pulmonary macrophages in the regulation
of the pathogenesis of asthma are complex, and much remains

TABLE 1.

asthma. Activated pulmonary macrophages also produce MIF
and IL-33, which are linked to AHR and glucocorticoid resis-
tance. Furthermore, MIF and IL-33 potentiate the develop-
ment of airway inflammation by activating macrophages and
Th2 cells.

unknown about the contributions of these cells to the disease.
In particular, little is known about whether and how different
populations of pulmonary macrophages may contribute to the
pathogenesis of steroid resistance, AHR, and increasing the
severity of asthma.

FACTORS INVOLVED IN THE
PATHOGENESIS OF SEVERE ASTHMA

Pulmonary macrophages

In severe and difficult-to-manage forms of asthma, where ste-
roids have limited efficacy, factors associated with the activa-
tion of host defense pathways are likely to contribute to patho-
genesis. These include macrophage phenotype (see above);
effect of infections on macrophages; IFN-y, LPS, associated
IFN-yR, and MyD88 signaling; and the expression of cytokines,
such as TNF-a, MIF, and IL-33 [3, 5, 7, 105-107]. The regula-
tory networks involving these factors are described in Fig. 3
and Table 1.

Viral and bacterial infections
Viral and bacterial infections may synergize with allergens to
contribute to the induction of asthma, enhance the severity of
the disease, and alter the cellular profile of the inflammatory
response in lungs [85, 108, 109]. We have reviewed the role of
viruses and bacteria in the induction and exacerbation of
asthma [6, 10]. RV, RSV, and influenza and Chlamydia, Myco-
plasma, and Haemophilus influenzae are the most frequently as-
sociated viral and bacterial infections, respectively.

RV and RSV have been widely implicated in the develop-
ment of asthma in childhood [6]. We have recently shown that
production of cytokines, such as IL-25, by airway epithelial

Summary of Cells, Factors, and Signaling Pathways That Contribute to the Pathogenesis of Severe Asthma

Cells

M1, M2, and regulatory macrophages; Th1, Th2, and Th17 lymphocytes;

Eosinophils (?); Neutrophils (?); Airway epithelial cells (?); Fibroblasts (?)

Cytokines, chemokines, and other factors

Signaling pathways

IFN-y, IL-27, TNF-a, MIF, IL-33, 1L4, IL-13, IL-17A/F, CCL18, CCL22/24 (?), IL-8,
MMP12, CHI3L1
NF-kB, MyD88, IRF-1, JAKs, STATs, MAPKs, ERK1/2, TRIF
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cells may contribute to the induction of the allergic response
[110-112]. There is mounting evidence that microbial infec-
tion of the airway early in life may also predispose to more
severe forms of asthma. Neonatal infection of the airways with
Streptococcus pnewmoniae, H. influenzae, Moraxella catarrhalis, ox
combinations of these infections leads to recurrent wheeze
and asthma [113]. Furthermore, Chlamydia respiratory infec-
tion in childhood is increasingly linked with severe asthma [9,
10, 24, 114, 115]. Infections in early life induce the release of
macrophage chemoattractants from the airway epithelium,
such as MCP-1 and -4 and GM-CSF [116]. Macrophages, IFNs,
and TLRs play central roles in innate immune responses to
infection, and these factors may contribute to inflammatory
sequelae. Infectious agents are taken up by macrophages and
monocytes and cause the release of IL-1, -6, -8, -10, and -12,
platelet-activating factor, PGE,, VEGF, and activate adaptive
immune cells [117]. Furthermore, infections result in the in-
creased expression of MHC-II on macrophages, which may
initiate immune responses to allergens. Together, these infec-
tion-induced macrophage responses promote inflammation,
which enhances allergic responses to allergens in early life and
initiates or reinforces the development of asthma.

Respiratory infections are also the most frequent trigger of
exacerbations of asthma, which are predominantly character-
ized by the activation of macrophages and neutrophils in spu-
tum and BAL [118-120] and poor responsiveness to therapy
[114, 115, 120]. Elevated levels of IFN-y, a central factor in-
volved in antiviral and antibacterial responses and detected
clinically in association with many respiratory infections, are
found in serum and sputum in atopic asthmatics [121, 122].

Infectious agents are also linked to more severe asthma in
adulthood. Neutrophils migrate into the airways in response to
these agents. Patients with more severe, steroid-resistant, neu-
trophilic forms of asthma have chronic airway colonization
with bacteria, and H. influenzae is one of the more commonly
isolated species [123]. We have also demonstrated recently
that respiratory infection with Chlamydia in early life or in
adulthood [9, 23, 24, 124] or with H. influenzae in adulthood
[11, 12] increases the severity of allergic airway disease, which
is steroid-resistant in mice.

Importantly, asthmatics may elicit a more intense response
to infectious challenge, and an asthmatic phenotype (e.g., in-
creased IL-13 levels) may lead to increased susceptibility to
infection [6, 10, 125]. Treatment with macrolides as an add-on
therapy, which has antimicrobial and anti-inflammatory effects,
has been shown to significantly improve lung function and
relief of symptoms in patients with severe asthma [126, 127].
The mechanisms of these associations are currently being elu-
cidated.

IFN-y and LPS

IFN-vy is implicated in the pathogenesis of severe asthma. An
increased percentage of IFN-y-expressing cells has been found
in the airways of severe asthmatics, and this cytokine has been
linked to the mechanisms regulating AHR [128, 129]. Recently
IFN-vy has been implicated in airway remodeling and the in-
duction of markers of alternatively activated macrophages
[130] through the activation of the IFN-yR on mast cells.
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LPS is a major component of the cell walls of Gram-negative
bacteria and of allergens that trigger asthma. Exposure to envi-
ronmental LPS is thought to be a major risk factor for occupa-
tional asthma, and there is a strong relationship between levels
of household LPS and exacerbations of asthma [113, 131].
High levels of LPS have been detected in BALF from steroid-
resistant, severe asthmatics and are an important determinant
of asthma severity [8, 132]. LPS drives macrophages toward
classical activation and is associated with increased expression
of the proinflammatory cytokines TNF-o, IL-13, and IL-6
[133]. Furthermore, the levels of neutrophils strongly corre-
late with the amount of LPS in BAL samples of subjects with
severe asthma [8].

We and others have shown that IFN-y-producing cells and
LPS contribute to the induction of airway inflammation and
AHR in mouse models and have demonstrated that IFN-y/
LPS-induced responses are steroid-resistant [134, 135]. Our
investigations revealed a novel interaction between IFN-y and
LPS, which leads to the activation of pulmonary macrophages
and the induction of steroid-resistant AHR [135]. These dis-
coveries are supported by earlier in vitro findings, suggesting
that “cross-talk” between IFN-y- and TLR4-dependent pathways
can regulate inflammatory networks in macrophages [136,
137], and block the anti-inflammatory effects of glucocortico-
ids in human monocytes [138].

IFN-yR, MyD88, and IL-27 signaling pathways

The IFN-yR pathway plays a key role in innate and adaptive
immune responses by inducing the production of IRF-1 [139]
and activating intracellular signaling pathways of JAK-STAT,
MAPKs, and ERK1/2 [140, 141]. LPS-induced activation of
TLR4 initiates a signaling cascade, which is mediated by the
adaptor proteins MyD88 and TRIF. Nevertheless, the critical
downstream molecules that regulate the inflammation medi-
ated by IFN-y/IFN-yR and LPS-TLR4/MyDS88, as well as the
associated steroid-resistant AHR, remain unknown.

Recent studies suggest that IFN-y and LPS-induced, steroid-
resistant AHR may be mediated by IL-27, because of its poten-
tial role as a regulator of pulmonary macrophage function
[142-145]. IL-27 is a heterodimeric cytokine that has two sub-
units, an EBV-induced gene 3 and a p28 chain [146]. It is pro-
duced by activated monocytes (or monocyte-derived DCs) and
macrophages after microbial exposure [144, 146], and its ex-
pression is critically dependent on signaling through MyD88
[144]. IL-27 acts on a wide range of immune cells, including
CD4" and CD8" T lymphocytes, NK cells, monocytes/macro-
phages, and activated DCs [143, 147-150]. The effect of IL-27
on monocytes/macrophages is complex, as it is able to induce
or suppress the expression of surface activation molecules or
cytokines by these cells [143, 149, 151-153]. The pleiotropic
effects of IL-27 on monocytes/macrophages may depend on
the timing and context of surrounding inflammatory signals
and the nature of the local immune environment.

The contribution of IL-27 in different phenotypes of asthma
has been little studied. However, it is known to promote IFN-y
production by Thl cells, as well as innate host defense re-
sponses to infection [146, 154], both of which may contribute
to severe forms of asthma and exacerbations. We have per-
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formed investigations into the contribution of IL-27 to molecu-
lar and cellular mechanisms regulating steroid-resistant AHR
[145]. We have demonstrated a critical role for IL-27 in the
activation of pulmonary macrophages in allergic airways dis-
ease, which required synergy with IFN-y. IL-27- and IFN-y-in-
duced AHR was dependent on MyD88 expression in macro-
phages, thus identifying a novel interaction among IL-27R,
IFN-yR, and MyD88 signaling pathways in this cell. We then
showed that IL-27 and IFN-y prevented the steroid-induced
translocation of the GCR to the nucleus of pulmonary macro-
phages. Finally, we also observed that the expression of 1L-27
and IFN-y was significantly greater in the sputum of patients
with neutrophilic asthma, compared with those with eosino-
philic asthma.

These studies highlight the critical role of MyD88, not only
in the development of inflammation but also in the pathogen-
esis of severe asthma. Although MyD88 was recognized initially
as a key molecule in the transduction of TLR pathways, in
vitro evidence also reveals a role for this adaptor protein in
IFN-v signaling [136]. Indeed, recent studies show that IFN-y
stimulation of macrophages induces a physical association be-
tween the IFN-yR and MyD88 and the formation of a signaling
complex, termed a signalosome, without affecting IFN-y-in-
duced JAK-STAT signaling/phosphorylation [137]. The signa-
losome may function to regulate specific aspects of the host-
defense responses, as subsets of proinflammatory molecules
are not transcribed in macrophages deficient in MyD88 when
stimulated with IFN-y [137]. Furthermore, the specific and
critical role of MyD88 was supported further by the lack of
effect of the inhibition of NF-«kB or other MAPK pathway inter-
mediates (e.g., JNK and p38) on IFN-yR/IL-27R pathway-regu-
lated, steroid-resistant AHR [145].

TNF-«

TNF-« levels are also increased significantly in BALF from sub-
jects with severe asthma [8, 155, 156]. It is produced by Thl
cells and macrophages, and its expression is steroid-resistant
[156]. TNF-a mediates neutrophil and eosinophil recruitment,
promotes T cell activation, and induces chronic airway remod-
eling and fibrosis [157-160]. As TNF-« is released by activated
pulmonary macrophages, especially those with an M1 pheno-
type, these observations not only implicate M1 macrophages
but also suggest a potential role for TNF-a in the mechanisms
that lead to increased severity of asthma and steroid resistance.

MIF

MIF was first described in 1966 as a T cell factor that inhibits
the random migration of macrophages [161]. Later, it was
found that MIF can counteract the function of glucocorticoids
and acts as an upstream activator of innate responses [162,
163]. MIF also promotes the expression of TLR4 on macro-
phages [164] and is released from innate-immune cells by pro-
inflammatory mediators (e.g., LPS) [164, 165]. The produc-
tion of MIF is also increased greatly in vitro by IFN-y [166].
MIF acts through its receptor, CD74, but may also signal
through the chemokine receptors CXCR2 and -4 [167]. Im-
portantly, MIF has been recognized as a noncognate ligand of
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CXCR2, playing a central role in the recruitment of mono-
cytes/macrophages to sites of inflammation [167, 168]. The
physiological actions of MIF strongly suggest that this cytokine
may play a central role in regulating macrophage migration
and function in severe asthma.

Increased levels of MIF have been found in mononuclear
cells isolated from patients with glucocorticoid-resistant rheu-
matoid arthritis, systemic lupus erythematosus, and atheroscle-
rosis, and treatment with the neutralizing antibody against MIF
restores the anti-inflammatory effects of glucocorticoids in
these cells [169]. High levels of MIF were also found in the
BALF, serum, and sputum of asthmatics [170]. The impor-
tance of MIF in the pathogenesis of severe asthma is sup-
ported further by evidence that neutralization or deficiency of
MIF significantly attenuates OVA-induced airway inflammation
and AHR in animal models of asthma [171, 172]. It is now
necessary to fully understand the contribution of MIF to the
development of severe asthma, as this factor may have poten-
tial as a therapeutic target in difficult-to-control asthma.

IL-33

Recent studies have identified that IL-33 has an important role
in Th2 cell-regulated airway inflammation and has a clear link
to the pathogenesis of severe asthma, probably through the
stimulation of macrophages and granulocytes [100, 173]. The
IL-33R, ST2, has been detected on eosinophils, basophils, mast
cells, NK cells, and CD4" Th2 cells [174, 175]. Increased lev-
els of I1-33 mRNA have been found in the serum and lungs of
asthmatic patients [107, 176], and the production of this cyto-
kine correlates with the development of severe asthma [107,
177]. Furthermore, intranasal instillation of IL-33 into naive
mice induces AHR, eosinophilic inflammation, and mucus hy-
persecretion and the production of Th2 cytokines in the lung
[174, 178, 179]. When discovered, it was initially thought that
1L-33 was released primarily by bronchial epithelial and airway
smooth muscle cells [107, 177]. However, recent studies sug-
gest that macrophages also produce large amounts of this cyto-
kine, which further amplifies the activation of macrophages, in
response to LPS stimulation [173]. Indeed further investiga-
tions have revealed that IL-33 exacerbates airway inflammation
through the activation of alternatively activated (M2) macro-
phages [178]. We have shown recently that expression of IL-33
is up-regulated in a model of an acute exacerbation of asthma
and that the development of exaggerated airway inflammation
in this model can be prevented by blocking ST2 signaling (un-
published data).

Th17 cells and IL-17

IL-17A (often simply referred to as IL-17) and the related cyto-
kine IL-17F are primarily secreted from Th17 cells [180] and
have also been linked to the pathogenesis of severe asthma [7,
181]. These cytokines are also elevated in the sputum of asth-
matics, which correlates with increased CXCLS8 levels and neu-
trophil numbers [182]. IL-17A and -F drive neutrophilic in-
flammation [2, 180]. Recent evidence has also implicated IL-
17A in the pathogenesis of severe asthma and in the
development of fibrosis [9, 11]. This cytokine was shown to be
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elevated in the airways of patients with severe asthma and to
be associated with the elevated expression of type I and III
collagens in these patients [181].

A role for Th17 cells in severe asthma is supported by the
recent demonstration that these cells induced steroid-resistant,
neutrophilic infiltration of the airways and AHR in a mouse
model [183] (Fig. 4). In this model, adoptively transferred,
transgenic Th17 cells increased the production IL-6, G-CSF,
and the neutrophilic chemokine KC (the murine ortholog of
CXCLB8), which correlated with the induction of neutrophil
influx and AHR. These inflammatory responses were depen-
dent on IL-17 signaling through IL-17RA [183]. IL-17 also
preferentially increases the production of IL-6 and factors that
promote neutrophil survival (G-CSF) and migration (MIP-1a
and KC) from these cells in vitro [184]. Thus, collectively,
emerging data indicate that Th17 cells may activate macro-
phages via the IL-17RA to coordinate pulmonary neutrophil
influx and to regulate the production of IFN-y- and IL-6-type
cytokines. However, their roles in glucocorticoid resistance
have not been widely assessed. The precise mechanisms by
which IL-17 regulates severe asthma and potentially steroid
resistance need further investigation [7].

POTENTIAL TREATMENTS

Although there has been some progress in elucidating how
innate-immune responses and respiratory tract infection con-
tribute to steroid-resistant, severe asthma, the pathogenetic
mechanisms remain poorly understood. Whereas it is clear
that pulmonary macrophages may be activated in severe
asthma, with significant alterations in the phenotype of these
cells, only limited studies have been directed toward under-
standing their role in the pathogenesis of glucocorticoid resis-
tance or severity of disease. Substantial, recent progress has
been made in understanding the actions of glucocorticoids
and the molecular mechanisms that lead to steroid resis-
tance. Correspondingly, numerous therapies have been de-
veloped in attempts to treat steroid resistance in severe asth-
matics. Immunosuppressants, antagonists against inflamma-
tory factors (e.g., IL-2), and inhibitors of kinases (e.g., p38
MAPK and PI3K) may be effective in restoring the anti-in-

Figure 4. The contribution of Th17 cells, macrophages, and
neutrophilic inflammation to glucocorticoid resistance. Th17
cells stimulate pulmonary macrophages, epithelial cells, and
fibroblasts to release CXCL8 and induce neutrophil infiltra-
tion. Activated macrophages and neutrophils may then ex-
hibit glucocorticoid resistance.

8 Journal of Leukocyte Biology Volume 91, April 2012

flammatory function of glucocorticoids in patients with se-
vere asthma [185-187].

Anti-TNF-a-neutralizing antibodies and a soluble fusion pro-
tein have be trialed in moderate to severe asthma [2]. Treat-
ment with antibody suppressed exacerbations in moderate
asthmatics and improved some parameters of lung function
[188, 189], but the largest trial was discontinued because of
adverse events [190]. Treatment of severe asthmatics with the
soluble fusion protein led to improvements in asthma symp-
toms, lung function, and AHR [155, 156]. However, the effects
on steroid resistance were not assessed, as these studies de-
fined their study population by the severity of disease but not
by degree of reversibility after steroid administration [155,
156]. Further studies are eagerly awaited.

Anti-IL-13-neutralizing antibodies have also been tested as a
therapy in steroid-resistant asthmatics with evidence of in-
creased IL-13 activity [191]. Treatment significantly improved
lung function (FEV,) with the greatest effects in those with
higher levels of indicators of IL-13 activity. Future studies
could also be directed to targeting the other factors (IFN-y
and LPS signaling, I1-27, MIF, IL-33, and IL-17A/F), alone or
in combination, which are associated with macrophage-in-
duced, steroid-resistant, severe asthma. However, a cautious
approach is necessary, as some of these treatments may lead to
increased susceptibility to infection or have other unwanted
side-effects.

CONCLUSIONS

o
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Pulmonary macrophages and their phenotype, responses, and
activating mediators (IFN-y and LPS signaling pathways,
TNF-a, MIF, 1L-33, IL-17A/F, and other factors) potentially
contribute to the pathogenesis of steroid-resistant asthma in a
number of ways, and it is necessary to further elucidate the
mechanisms involved. Improved understanding of how pulmo-
nary macrophages regulate steroid-resistant airway inflamma-
tion and AHR may lead to the reversal of glucocorticoid resis-
tance and more effective management of steroid-resistant
asthma.
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