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Asthma is a type-I allergic airway disease character-
ized by Th2 cells and IgE. Episodes of bronchial in-
flammation, eosinophilic in nature and promoting
bronchoconstriction, may become chronic and lead
to persistent respiratory symptoms and irreversible
structural airway changes. Representative mostly of
mild to moderate asthma, this clinical definition fails
to account for the atypical and often more severe
phenotype found in a considerable proportion of
asthmatics who have increased neutrophil cell counts
in the airways as a distinguishing trait. Neutrophilic
inflammation is a hallmark of another type of aller-
gic airway pathology, hypersensitivity pneumoni-
tis. Considered as an immune counterpart of asthma,
hypersensitivity pneumonitis is a prototypical type-
III allergic inflammatory reaction involving the alve-
oli and lung interstitium, steered by Th1 cells and IgG
and, in its chronic form, accompanied by fibrosis.
Although pathologically very different and com-
monly approached as separate disorders, as dis-
cussed in this review, clinical studies as well as data
from animal models reveal undeniable parallels be-
tween both airway diseases. Danger signaling elicited
by the allergenic agent or by accompanying microbial
patterns emerges as critical in enabling immune sen-
sitization and in determining the type of sensitization
and ensuing allergic disease. On this basis , we pro-
pose that asthma allergens cause severe noneosino-
philic asthma because of sensitization in the pres-
ence of hypersensitivity pneumonitis-promoting

danger signaling. (Am J Pathol 2009, 174:3–13; DOI:

10.2353/ajpath.2009.071151)

Conventionally, asthma is defined as a type-I allergic
airway disease mediated by Th2 cells and IgE and char-
acterized by bronchial inflammation that is eosinophilic in
nature. In a considerable number of patients, the chronic
inflammation and ensuing airway remodeling can result in
persistence of symptoms and decreased lung function.
However, the conventional definition of asthma and its
emphasis on eosinophilia in the context of a Th2-biased
immune response does not explain all clinical observa-
tions.1,2 For example, neutrophilic infiltration is observed
during severe acute asthma attacks and in severe per-
sistent asthma. Furthermore, severe chronic asthma fre-
quently also includes an additional Th1 component and
even alveolitis. The etiology underlying severe asthma is
not well understood and treatment of severe asthmatics is
often resistant to conventional asthma anti-inflammatory
treatment. This renders noneosinophilic or mixed neutro-
philic/eosinophilic severe asthma enigmatic as well as an
important challenge to the medical and immunological
community.

Allergic alveolitis and allergen-specific CD4� T-cell
responsiveness polarized toward Th1 are features also
observed in a dissimilar type of allergic disease, namely
hypersensitivity pneumonitis (HP). Similarly to asthma,
HP is a pathological response of the airways to airborne
antigen that, however, is driven by Th1 cells and IgG.
Chronic HP can ultimately lead to lung fibrosis and respi-
ratory insufficiency.
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This review starts from the proposition that the identi-
fication of shared and inflammation type-specific mech-
anisms at work in the onset and pathology of either aller-
gic disease, (severe) asthma or HP, might help to better
comprehend at least some aspects of severe asthma. We
review the main pathological features observed in mild to
moderate asthmatics and commonly associated with
conventional asthma phenotypes. From here, we discuss
how mouse models have contributed to unravel the im-
munological basis and pathogenesis of mild asthma.
Special emphasis is put on the nature of asthma-eliciting
allergens and the dependence of their experimental
counterparts on accompanying adjuvants to generate the
danger signals necessary for raising Th2-biased sensiti-
zation. Reminding us that mouse asthma as such does
not exist, the shortcomings of mouse models to mimic
characteristic features of especially chronic and severe
asthma are discussed in the last part of this section. In
the next section devoted to HP, comparison with asthma
illustrates prominent differences in pathology and immu-
nology and highlights the crucial role of the origin of the
sensitizing antigen, the nature of the danger signaling
elicited at the time of antigen encounter, and genetic
predisposition. From these differences and similarities we
propose in the final section of the review that noneosino-
philic or mixed neutrophilic/eosinophilic severe asthma
may represent a separate pathology that results from an
accidental HP-like sensitization by asthma-characteristic
allergens that are generally associated with mild to mod-
erate eosinophilic asthma. Furthermore, we discuss ex-
perimental data from mouse models that support this
proposition.

Immunological and Pathological Features of
Mild Asthma

Persistent mild asthma is characterized by chronic in-
flammation of the airways that is mostly eosinophilic in
nature. The airways of patients with mild asthma have an
increased sensitivity and responsiveness to inhaled aller-
gen and often to nonspecific irritants such as cold air,
cigarette smoke, perfume, and others. This results in vari-
able and episodic bronchoconstriction with increased mu-
cus production, cough, wheezing, and dyspnea3 [see also
the Global Strategy for Asthma Management and Prevention,
Global Initiative for Asthma (GINA) 2007. Available from
http://www.ginasthma.com/download.asp?intId � 309, p 2,
last accessed September 15, 2008]. Genetic factors such
as predisposition toward the development of atopy, and
environmental factors such as viral infection, intensity,
and frequency of exposure to airborne allergens, occu-
pational exposures, and overall hygiene, seem to coop-
erate through still ill-defined mechanisms to initiate aller-
gic sensitization and to control the further evolution to
asthma as well as its severity.1,4,5 As illustrated in Figure
1, eosinophils along with mast cells, Th2 lymphocytes,
dendritic cells (DCs), and macrophages as well as struc-
tural cells such as airway smooth muscle, mucous
glands, and lung epithelium are the main cellular protag-
onists in the inflamed airways of patients with mild to

moderate asthma.6 From an immunological viewpoint,
the allergic sensitization and resulting inflammation are
interpreted as a breakdown of immune tolerance toward
environmental antigens. Although these antigens as such
are not associated with infectious microbial organisms,
they do evoke a futile immunological response in sensi-
tive individuals. As a result, allergen-specific Th2 cells
and IgE are generated and on encountering the allergen
initiate the complex cascade illustrated in Figure 1 that
ultimately leads to the type-I allergic reaction.

Role of Danger-Associated Signaling in Allergic
Sensitization

Although everyone is exposed to numerous indoor and
outdoor allergens such as house dust mites, pollen,
and pets, the normal outcome of such exposures in
nonatopic individuals is immunological tolerance.7,8

Regulatory T cell (Treg) and DC subsets are central in
controlling tolerance versus sensitization and in deter-
mining the nature of subsequent immune responses.
Specifically, myeloid DCs have been shown to be re-
sponsible for Th2-skewed sensitization against inhaled
allergen. In contrast, plasmacytoid DCs promote tolero-
genic responses and protect the airways against allergic
inflammation.9,10 Both DC subsets are highly flexible, and
co-existing environmental danger-associated molecular
patterns (DAMPs) may trigger danger signaling that shifts
this balance from immune tolerance toward Th2-skewed
immunity.

In mice, contact with allergen alone is not sufficient to
circumvent inherent tolerance mechanisms without the
support of immune potentiators. Most often a biphasic
protocol is applied in which systemic administration of
antigen in the presence of a Th2-skewing adjuvant (gen-
erally aluminum hydroxide salts; alum) is followed by
secondary exposure(s) to aerosolized antigen. Alum, the
archetypical adjuvant, is used not only in most mouse
asthma models but also in human vaccines. Lacking
conserved pathogen-associated molecular patterns
(PAMPs), alum does not require Toll-like receptor (TLR)
signaling for its adjuvant activity.11 Instead, intraperito-
neal injection of alum has been shown to induce the
release of uric acid.12 Acting as endogenous DAMP, uric
acid proved to be responsible for the recruitment of
monocytes into the peritoneal cavity and their subse-
quent conversion into inflammatory DCs that drive Th2

cell responses. Also, the Nalp3 inflammasome has
been identified as a crucial mediator of the Th2-stimu-
latory activity of alum.13 Nalp3 is an intracellular pro-
tein component belonging to the Nod-like receptor arm
of the innate immune system that, similar to TLRs,
senses both nonself and endogenous DAMPs. Thus,
the induction of uric acid by alum and a Nalp3-depen-
dent activation of innate inflammatory pathways seem
to be at the basis of the Th2-skewed adjuvant activity of
the inorganic alum salt.

Low-level contamination of experimental allergens
such as ovalbumin (OA) with lipopolysaccharide14 or
other PAMPs may also elicit signals that promote allergic
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sensitization. This is supported by the fact that inhalation
of endotoxin-free OA induces tolerance instead of sensi-
tization, and the fact that sensitization by conventional,
endotoxin-contaminated, OA preparations requires the
functional lipopolysaccharide-cognitive receptor, TLR-4.8

Interestingly, other allergens used for mouse models
such as pollens, house dust mite, ragweed, molds, and
cockroach proteins do not require adjuvant (alum) sup-
port for inducing sensitization. These real-life allergens
differ from the inert model allergen, OA, by their intrinsic
enzymatic activity, which triggers danger signaling. Like-
wise in humans, exogenous enzymes such as proteases
from molds and mites as well as industry-related pro-
teases, cellulases, and lipases have allergenic charac-
teristics.15–19 Environmental pollutants such as cigarette
smoke may further increase the allergenic properties of
antigens: mice inhaling OA together with cigarette smoke
exhibit high OA-specific IgE levels (representative of
atopy) and distinct eosinophil- and mucus cell-enriched
airway inflammation on airway challenge with nebulized
OA.20 This observation could provide a mechanistic ba-
sis for the notion that smoking is a risk factor for asthma
development.21

Although signals leading to Th2 reactivity can be en-
dogenous in nature, induced by chemical or enzymati-

cally active substances, their role in the development of
atopy and asthma is complex and dependent on both the
genetic background and immune conditioning of the in-
dividual by environmental PAMPs. Thus, the timing of
allergen exposure during one’s lifetime, along with the
frequency and intensity of exposure, play a crucial role in
the establishment of tolerance or sensitization and the
development of asthma.22,23 The presumed impact on
atopy of immune conditioning by prior microbial expo-
sures is translated in the hygiene hypothesis postulating
that reduced exposure to bacteria, viruses, and parasites
in early childhood facilitates atopic sensitization,1,24

probably because of a diminished induction of regulatory
T cells.25 Inversely, frequent stimulation of the innate
immune system by environmental PAMPs such as lipo-
polysaccharide or by contact with livestock may diminish
the risk of developing allergic sensitization. This so-called
farming effect is suggested by several population studies
in rural areas of Europe.26 Also studies in mice demon-
strated a protection against systemic OA sensitization by
prior lipopolysaccharide inhalation.27 Additionally, gene
linkage studies showed a correlation between gene poly-
morphisms related to the innate immune system, the
response to endotoxin exposure and infections, and al-
lergic disease.28–31 Here, the effects may be age-spe-

Figure 1. Development of mild asthma. A: On primary allergen exposure, DAMPs and/or PAMPs intrinsic to or accompanying the allergen activate DCs to become
APCs biased toward the induction of Th2 cells. As a result, immune sensitization featuring allergen-specific IgE and Th2 cells is generated. B: Activation of
IgE-bearing innate cells by inhaled allergen triggers the release of pro-inflammatory mediators such as histamine, leukotrienes, Th2-associated cytokines and
chemokines, and reactive oxygen species. The resulting early-phase allergic reaction is manifested by smooth muscle contraction, mucus hypersecretion, and
increased airway responsiveness. Inflammatory cell recruitment and activation leads to the production of a second wave of particularly Th2-associated
inflammatory mediators such as IL-4, IL-5, IL-13, eotaxins, RANTES, and others. This late-phase reaction occurs �6 to 9 hours after allergen inhalation and usually
lasts for not more than a day.
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cific as was reported for the influence on atopy of a
specific CD14 polymorphism that was apparent during
mid childhood but no longer at early adulthood.32

Prolonged Exposure Protocols to Study
Asthma: A Difficult Road

Repeated episodes of allergen exposure and subse-
quent inflammatory responses can eventually lead to a
worsening of the asthmatic phenotype because of a state
of chronic inflammation. This condition may result in per-
sistent respiratory symptoms and a permanent decrease
in lung function, with the airways becoming increasingly
sensitive and reactive not only to specific allergens, but
also to environmental stimuli such as cigarette smoke,
cold air, or fog. This nonspecific airway hyperreactivity
may be at least partly attributed to structural alterations in
the airways observed in chronic or severe asthma: mucus
gland hyperplasia, airway smooth muscle hypertrophy,
epithelial shedding, and subepithelial thickening of the
basement membrane (subepithelial fibrosis), together
called airway remodeling.33–35 In contrast to the long-
term allergen exposure of patients, most mouse models
of asthma involve relatively short-term allergen exposures
of up to 10 days. Although experimentally convenient,
these short-term models are likely to be driven by im-
mune and inflammatory mechanisms quite distinct from
those involved in mild and severe persistent asthma that
have chronic inflammation as a hallmark. In mice, pro-
longed exposure protocols lead to highly divergent out-
comes. Generally, down-regulation of inflammatory re-
sponses is observed along with the establishment of a
long-lasting tolerant state,36,37 in fact quite similar to the
response of nonasthmatic individuals. Interestingly, other
studies on prolonged OA aerosol exposure, given three
times a week for 6 weeks, showed consistent evidence
for airway remodeling but with inflammation varying from
low level38 to moderate sustained eosinophilic airway
inflammation and hyperreactivity.39 This dissociation of
remodeling from inflammation in chronicity models in-
dicates that once initiated, these pathological features
are not necessarily intertwined, as also observed in
paucigranulocytic asthma patients.40

Genetic factors are also determinants in the establish-
ment of chronic asthma-like features in mouse models.
Using a protocol of tightly controlled, low-level exposure
to OA aerosol throughout a period of 8 weeks, BALB/c
mice developed inflammatory features much like chronic
asthma: intraepithelial presence of eosinophils, chronic
inflammation in the lamina propria, airway remodeling
and hyperreactivity, and no alveolitis. Strikingly, no sig-
nificant airway hyperreactivity or airway lesions were ob-
served when this protocol was applied to C57BL/6
mice,41 although these mice are often used in regular,
short-term models of asthma. Other studies too have
underscored the importance of strain specificity and
route of exposure in the outcome of chronic asthma mod-
els. One study showed that in A/J, BALB/c, C57BL/6, and
C3H/HeJ mice, repeated inhalational exposure to OA
initially promotes a characteristic eosinophilic airway in-

flammation in the first weeks, but ultimately leads in all
strains to antigenic tolerance42 as was also reported by
others.36,37 In contrast, intranasal antigen exposure in A/J
mice resulted in continuous eosinophilic airway inflam-
mation and, after 12 weeks of antigen exposure, in airway
remodeling. Strikingly, both eosinophilic inflammation
and remodeling were less prominent in BALB/c mice and
absent in C57BL/6 and C3H/HeJ mice. These observa-
tions illustrate how genetic predisposition and route of
exposure may co-operate to overcome inherent anti-in-
flammatory and tolerance mechanisms, thus leading to a
condition much like that observed in chronic asthma. The
observed strain differences clearly do not follow the Th1-
Th2 paradigm because both Th1-biased C57BL/6 mice
and Th2-biased BALB/c mice developed tolerance to the
instilled antigen after an initial inflammatory episode. It
seems that other factors besides genetic factors dictating
Th2 reactivity and atopy determine the propensity for
progression to chronic disease and irreversible histolog-
ical changes in the lungs. One such factor may be
granulocyte-macrophage colony-stimulating factor (GM-
CSF). In chronically exposed antigen-tolerant BALB/c
mice, eosinophilic inflammation was fully restored after
instillation of recombinant GM-CSF.43 Inversely, GM-
CSF-deficient mice showed reduced eosinophil numbers
despite unaltered atopy, Th2 reactivity, and airway
hyperreactivity.44

Understanding Asthma through Its
Counterpart—Hypersensitivity Pneumonitis

When considering asthma, at least in its early stages, as
a Th2 cell-mediated eosinophilic inflammation of the air-
ways, HP (extrinsic allergic alveolitis) may be considered
as its counterpart both from an immunological and patho-
logical point of view. The inflammatory process in the
acute phase of HP characteristically features a nonatopic
neutrophilic inflammation of the respiratory bronchioles,
alveoli, and interstitial tissue of the lungs.45–48 Similarly to
asthma, the pathology is induced by repeated exposure
to airborne agents in individuals previously sensitized to
specific agents via the pulmonary mucosa, and manifests
itself in acute, subacute, or chronic forms.48,49 However,
in contrast to asthma, the causative agents are small
organic particles, often of microbial origin, or volatile
reactive chemicals, and the resulting pathology is clearly
of a different nature. The majority of patients with acute
HP show severe symptoms characterized by alveolitis
with infiltration of lymphocytes, macrophages, and neu-
trophils. Moreover, unlike asthma, nonspecific airway hy-
perreactivity and excessive mucus production are gen-
erally not observed. Repeated exposures can lead to
subacute and chronic HP with symptoms such as dys-
pnea and cough becoming progressively more in-
tense.45,46,49 In the chronic phase, a characteristic triad
of alterations becomes apparent: interstitial pneumonitis
predominantly around the small airways, lymphocytic
bronchiolitis, and poorly-formed granulomas. Intraluminal
granulation tissue and fibrosis can be observed in alveoli
(organizing pneumonia) or bronchioles (bronchiolitis oblit-
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erans). The lymphocytic infiltrates show a predominance of
CD8� T cells over CD4� T cells. Pulmonary fibrosis may
result in respiratory insufficiency caused by lung volume
restriction and impaired gas exchange capacity.

The different airway pathology in HP reflects the differ-
ent immune basis of HP as compared with asthma, as
illustrated in Figure 2. In HP, airway inflammation in sus-
ceptible individuals is initiated by the formation of IgG-
antigen immune complexes and Th1-cell reactivity. As a
consequence, HP and allergic asthma can, certainly in
the early stages, be considered as predominantly Th1-
mediated50–53 and Th2-mediated10,54–56 immune coun-
terparts. The HP-associated inflammatory cytokine envi-
ronment along with the released monocyte and neutrophil
attractant chemokines results in infiltration of macro-
phages, neutrophils, and large numbers of Th1 and Tc
cells into the distal airway walls, alveoli, and interstitium.
Considered mainly as a type-III allergic response, the
presence of CD8� Tc cells and their suspected contri-
bution to tissue injury indicate that a type-IV reaction is
also present in HP. Whereas DCs have been identified as
the main type of antigen-presenting cell (APC) eliciting
the Th2-mediated second wave of bronchial inflammation
in mouse models of asthma, alveolar macrophages are

considered to play a crucial role in HP by the local
stimulation of T cells and the further steering of inflam-
mation.57 Evidence hereof is, however, rather scarce and
mainly based on the increased expression of the T-cell
co-stimulatory molecules, CD80 and CD86, by alveolar
macrophages in patients with HP, a feature we also ob-
served in mouse models (unpublished data). Concluding
that DCs do not take part in disease onset and in later
stages of the disease seems presumptuous because no
functional studies on the role of APCs, either DCs or
alveolar macrophages, have been reported in the litera-
ture. Detailed (mouse) studies on the nature and func-
tional characteristics of the APC(s) involved and their
steering of the T-cell response will undoubtedly be vital
for further unraveling the immunological basis of HP.

The Type of Danger Signals Influences the Type
of Sensitization

Because of the small size of HP-inducing agents, the
aerosolized particles can easily reach the alveoli. This is
an important difference from allergic asthma, in which the
responsible allergens are usually larger and, in conse-

Figure 2. Development of HP. A: Primary allergen exposure and subsequent naïve CD4� T-cell stimulation by activated APCs—alveolar macrophages and/or lung
DCs—results in the generation of allergen-specific Th1 cells and IgG. Danger signals elicited by PAMPs intrinsic to the HP allergen and/or present at the time of
exposure are crucial in generating the Th1-bias of sensitization. B: Airway inflammation is initiated on secondary allergen exposure in the alveoli. IgG-allergen
immune complexes trigger the complement cascade and/or directly activate alveolar macrophages to produce reactive oxygen species and inflammatory cytokines
such as tumor necrosis factor-� and IL-12. These in turn trigger the production of IFN-� by Th1 cells, resulting in a highly inflammatory cytokine mix that along
with various chemokines such as IL-8, IP-10, I-TAC, and MIG, is at the basis of the neutrophilic nature of the inflammatory cell infiltrate, characteristic of HP.
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quence, are deposited more proximally in the bronchi.
This physical characteristic is often used to explain the
absence of alveolitis in asthma and the confinement of
inflammation to the airways. Another important difference
between asthma and HP may be the origin of the causal
agents. Whereas in asthma allergens are mainly nonmi-
crobial in nature, the etiological agents of HP are mostly
proteins from bacteria, fungi, and other organisms. How-
ever, similar to allergens associated with asthma, the
allergenicity of these proteins has been attributed to in-
trinsic adjuvant activity58 and/or the presence of sub-
stances within the inhaled organic particles that act as
adjuvants by eliciting innate immune activation.45,48 The
most frequent forms of HP are caused by exposure to
microorganisms growing on stored hay or corn (farmer’s
lung), by inhaling proteins present on feather dust and in
bird droppings (bird fancier’s lung), or by exposure to
contaminated water from air-conditioning systems (hu-
midifier fever).45

Reflecting the different natures of the causal agents, the
majority of HP-related research in mice relies on Sacchar-
opolyspora rectivergula (also known as Micropolyspora faeni
or Faenia rectivergula) as the inducing antigen. This ther-
mophilic actinomycete causes farmer’s lung in humans,
presumably cooperating with a yet unidentified co-factor
present in the grain dust.45 As a real-life HP-eliciting
antigen, S. rectivergula possesses endogenous immuno-
genic characteristics, and HP can be established in mice
by repeated intranasal instillation without adjuvant sup-
port.58,59 However, most mouse protocols to induce HP
rely on a systemic sensitization against S. rectivergula in
the presence of complete Freund’s adjuvant (CFA) as the
immunogenic co-factor, followed by intratracheal admin-
istration of S. rectivergula,60 thus leading to a HP-like
neutrophilic, Th1-driven pulmonary inflammation. Inter-
estingly, systemic sensitization to OA, the prototypical
allergen used in mouse asthma models, using CFA (in-
stead of alum as in experimental asthma induction), fol-
lowed by inhalational OA challenge also induced Th1-
driven responses with neutrophilic airway inflammation in
the perivascular and peribronchiolar areas and little to no
airway hyperreactivity or mucus production.61 The use of
alum versus CFA to induce allergic sensitization in mouse
models of asthma and HP, respectively, directly reflects
the highly divergent nature of the allergens involved and
of the danger signals elicited, promoting sensitization.
Similarly to alum, emulsification of antigen with the min-
eral oil from CFA provides a depot for slow antigen re-
lease. Furthermore, the oily solution and especially the
heat-killed Mycobacterium tuberculosis bacilli dissolved in
the oil supply a wide range of danger signals, such as
interferon (IFN)-�, interleukin (IL)-6, and IL-12, that elicit
Th1-oriented cellular immunity. Various studies have im-
plicated a role for M. tuberculosis-associated TLR-ligands
in co-stimulating the adjuvant effect of CFA.13,62 How-
ever, CFA-supported early antibody responses are not
hampered in mice deficient in TLR signaling,11 suggest-
ing that TLRs are an essential component in the mainte-
nance rather than the initiation of CFA-facilitated immune
responses. In 1974, it was shown that muramyl dipeptide
is the minimal mycobacterial cell wall component re-

quired for adjuvant activity of CFA.63 Because muramyl
dipeptide is now recognized as an important activator of
the Nod2 and Nalp3 Nod-like receptors,64,65 this sug-
gests a determining role for Nod-like receptor rather than
TLR triggering by CFA in establishing HP-like sensitiza-
tion. Intriguingly, as mentioned before, Nalp3 is also cru-
cial for the immunostimulatory properties of alum.13 The
identification of the cellular and molecular pathways trig-
gered by CFA or alum in establishing and maintaining
HP- or asthma-like immune responses will be of impor-
tance to better understand the mechanisms of sensitiza-
tion for HP and asthma in humans, which are just as
poorly understood.

Acute-to-Chronic HP: Similar Features but
Dissimilar Mechanisms from Asthma

Population studies and S. rectivergula-based mouse models
of HP point toward genetic predisposition as a critical factor
in the development of sensitization and inflammation and in
the further progression of the disease to chronicity. Only 5 to
15% of the people who are exposed to HP-related antigens
develop the disease66 although both symptomatic patients
and individuals without clinical symptoms can exhibit anti-
gen-specific IgG responses.67,68 In mouse models it was
shown that Th1 but not Th2 cells are required for sensiti-
zation and are involved in the pathogenesis.50 In addi-
tion, Th1-biased C3H/HeJ or C57BL/6 mice are more
susceptible to HP than Th2-biased BALB/c or DBA/2
mice.69,70 Whereas in asthma models the Th2 cytokines
IL-4, IL-5, and IL-13 are crucial mediators, the prototypic
Th1-promoting cytokine, IL-12, is a critical factor in induc-
ing S. rectivergula-mediated HP in naïve mice.52 Endog-
enous resistance to S. rectivergula-induced HP in DBA/2
mice can be overcome by IL-12 treatment. In addition,
inflammatory cytokines downstream of IL-12 such as
IFN-�, IL-1, and tumor necrosis factor are elevated in
HP-prone C57BL/6 mice,70 thus identifying the IL-12
pathway as predisposing toward the development of HP.
Not surprisingly, in these models of acute HP, endoge-
nous production of the anti-inflammatory cytokine IL-10
has an important modulatory effect on the intensity of
inflammation and granuloma formation.71

Although few mouse models are available to study the
pathogenesis of HP, even fewer reports address chronic
features. Intranasal instillation of S. rectivergula for 3 con-
secutive days per week for 3 weeks does not only induce
the HP-characteristic diffuse bronchoalveolitis and lung
granulomas but also elevated levels of hydroxyproline,
indicative of fibrosis, in C57BL/6 mice.70 Yet, similar to
models of asthma, it was found that continued exposure
to S. rectivergula for more than 6 weeks results in a waning
of inflammation and fibrosis,72 a process that may be
attributable to increased infiltration of Treg.73 Therefore in
HP as well as in asthma, at least in the mouse, progres-
sion to chronicity seems to require a crossing of addi-
tional thresholds to those involved in control of sensitiza-
tion and acute inflammation. Whereas in asthma models,
increments in GM-CSF levels may constitute such a
threshold, a decline in IL-4 levels may be the signal for
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progression to chronic HP. This is supported by the sup-
pression of IFN-�-producing neutrophils by IL-4- and IL-
4-producing NKT cells and the resulting regression of
inflammation and fibrosis.74,75

Where Mouse Models of Asthma and
Hypersensitivity Pneumonitis
Meet—Noneosinophilic Severe Asthma

In many contemporary definitions of asthma, chronic in-
flammation that is eosinophilic in nature is put forward as
the most distinctive pathological hallmark of the disease,
thus reflecting the presence of large numbers of eosino-
phils not only in the airway wall but also in the sputum and
bronchoalveolar lavage fluid.76,77 However, studies that
show a proportion of asthmatics, mostly suffering from
severe asthma, have increased neutrophil cell counts in
the airway lumen78–82 and the more recent observation
of a clear correlation between sputum neutrophil num-
bers and cough frequency in less severely affected asth-
matic children83 illustrate that asthma as clinically de-
fined covers distinct pathological phenotypes. In fact,

noneosinophilic inflammation is present in the airway lu-
men of �50% of asthmatic patients.81 These and other
observations have fuelled the ongoing debate on whether
the neutrophil rather than or in addition to the eosinophil
is the key effector cell in severe asthma84 and whether
severe asthma might represent a different form of asthma
rather than an increase in asthma symptoms.82

This debate actually illustrates the failure of present day
mouse models to implement the neutrophil component from
severe asthma and hereby to offer tools to dissect the
pathways leading to neutrophilia in severe asthmatics and
to analyze the role of the neutrophil in the allergic inflamma-
tory cascade. As discussed before, classical murine
models of asthma are derived from a Th2-biased sensiti-
zation and eosinophilic inflammation, and are represen-
tative mainly of mild to moderate asthma. In contrast, S.
rectivergula-based models of HP share the neutrophilic
nature of the inflammatory response with severe asthma
but depart from a Th1-oriented sensitization. Interestingly,
in severe asthma and chronic HP patients the distinction
between the inflammatory players involved in either dis-
ease is becoming blurred, as illustrated in Figure 3. The
inflammatory cell infiltrate includes neutrophils in severe

Figure 3. (Dis-)similar features of chronic severe asthma and chronic HP. Although the site, nature, and regulation of the inflammatory response in both diseases
differ greatly, the chronic stages of severe asthma and HP show some remarkable similarities. In both conditions the chronic inflammatory state is induced by
repeated episodes of allergen exposures and subsequent inflammatory responses. The resulting sustained production of pro-inflammatory mediators and growth
factors generates a self-perpetuating process of inflammatory cell survival and accumulation, chronic epithelial activation, and deregulation of normal healing
processes, accompanied by persistent respiratory symptoms and decrease in lung function. Moreover, the distinction between Th2-driven airway eosinophilia
versus Th1-driven neutrophilic alveolitis becomes blurred: the inflammatory cell infiltrate contains a significant fraction of neutrophils in chronic severe asthma
and eosinophils and mast cells in chronic HP.
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asthma, and eosinophils and mast cells in chronic HP.
Furthermore, in severe asthma Th1 cells are also re-
cruited and increased levels of the HP-characteristic in-
flammatory cytokines, tumor necrosis factor and IFN-�,
are detected in these patients.85,86 In line with the in-
creased neutrophil cell count, Th17 cells have gained
increasing attention as potential mediators of neutrophilic
inflammation in patients with severe and uncontrolled
asthma.87,88 This effector T-cell subset produces IL-17,
which causes the release of neutrophil-mobilizing cyto-
kines from airway epithelial cells.89 Intriguingly, with a
protocol similar to that mentioned above61 in which
C57BL/6 mice are sensitized systemically to OA in the
presence of CFA and subsequently exposed to nebu-
lized OA, we found that the resulting neutrophilic pulmo-
nary inflammation was accompanied by a strong polar-
ization of lung CD4� T cells toward Th1, with a barely
detectable Th2 component. However, in this model of
acute HP we also observed an important Th17 component
(unpublished data), indicating that in clinical HP, Th17 in
addition to Th1 cells, may contribute to the neutrophilic
inflammation of the airways. Nevertheless, it is clear that
there are important pathological differences between
these two chronic disorders, as is summarized in Figure
3. Models of acute HP might nonetheless help to study at
least some aspects of severe asthma; mediators that
orchestrate inflammation in acute HP models might also
represent driver mechanisms associated with severe
asthma.

The clinical relevance of such an approach is illus-
trated by the remarkable efficacy that macrolide antibiot-
ics can have as an add-on treatment for patients with

severe asthma that do not achieve control with high-dose
corticosteroids plus long-acting �-agonists.90–92 Macro-
lides have previously been proven to be efficient in a
variety of other (neutrophil-driven) airway diseases in-
cluding a mouse model of HP.93 The explanation for their
efficacy is that these molecules not only are effective as
antibiotics, but also interfere at low doses with neutrophil
chemotaxis and function, rendering them anti-inflamma-
tory agents.94–96

As previously described, the inert antigen OA is fre-
quently used in combination with alum to predispose
mice to Th2-driven airway eosinophilia, whereas the sub-
stitution of alum with CFA elicits Th1-driven airway neu-
trophilia on secondary OA inhalation. This finding again
emphasizes the critical role that accompanying danger
signals exert not only in promoting immunogenicity ver-
sus tolerance, but equally in determining the nature of the
induced sensitization, independent of the antigen used.
CFA-supported systemic OA-sensitization, followed by
OA aerosol inhalation in fact constitutes a hybrid model
that combines the Th1-biased sensitization in HP with the
inert, nonmicrobial nature of model asthma allergens. We
have now characterized a similar model in which
C57BL/6 mice are sensitized subcutaneously to OA-CFA,
followed by daily exposures to OA aerosols. After two
exposures, pathology resembling HP emerged with pul-
monary inflammation characterized by alveolitis with nu-
merous neutrophils, macrophages, and CD4� and CD8�

T cells, and marginal numbers of eosinophils present. In
agreement with other models, distinct Th1-associated cy-
tokines that are crucial for the development of HP, such
as IFN-� and IL-12, and CXC chemokines were found

Figure 4. Experimental mouse models illustrate
the critical role of accompanying adjuvant activ-
ity in determining the type of immune sensitiza-
tion and ensuing allergic disease. A: Systemic
sensitization against inert OA in the presence of
alum predisposes to a Th2-driven eosinophilic
bronchoalveolitis. Repeated OA exposures in
the absence of further immunogenic stimuli sus-
tain the eosinophilic inflammatory airway re-
sponse, much like mild asthma. B: Intranasal
instillation of S. rectivergula or systemic immu-
nization in the presence of CFA predisposes for
a Th1- and possibly Th17-driven neutrophilic
bronchoalveolitis. Like HP, repeated S. rectiver-
gula inhalations further sustain this inflamma-
tory response, presumably through the intrinsic
adjuvant property of S. rectivergula. C: Systemic
sensitization against OA in the presence of CFA
similarly predisposes to a Th1- and Th17-driven
neutrophilic bronchoalveolitis. On further expo-
sures, the intrinsically inert nature of the antigen
along with the absence of Th1-promoting stimuli
supposedly is at the basis of the inflammatory
pattern evolving to a mixed neutrophilic and
eosinophilic inflammation, much like severe
noneosinophilic asthma.

10 Bogaert et al
AJP January 2009, Vol. 174, No. 1



(unpublished data).51,53,59,97 Unexpectedly, with further
exposures to OA aerosol, the inflammation not only inten-
sified but also changed in nature, evolving from a pre-
dominantly neutrophilic airway response to a mixed neu-
trophilic and eosinophilic inflammation. This inflammatory
pattern closely mimics the nonatopic, eosinophilic and
neutrophilic inflammation observed in severe asthma. Al-
though speculative and requiring further mechanistic
studies, these data indicate that at least in the mouse, a
severe asthma-like inflammatory phenotype may be raised
as the result of an accidental Th1/Th17-biased sensitization
by antigens that intrinsically do not elicit the danger
signals necessary to sustain this type of response.
Extension to the human situation leads to the hypoth-
esis, illustrated in Figure 4, that the etiology of severe
asthma, especially of the nonatopic form, may be dis-
tinct from that of mild to moderate asthma and closer to
that of HP.

Concluding Remarks

This overview of the extensive body of literature on
asthma and HP illustrates the complexity and still incom-
pletely understood nature of both inflammatory diseases.
Even though asthma and HP intrinsically represent aller-
gic immune disorders, both diseases are commonly ap-
proached as separate pathologies having few or no
shared features. Yet, as discussed here, clinical studies
as well as data from experimental models reveal a num-
ber of important parallels that may help to better under-
stand the etiology and pathogenesis of both diseases. In
particular, the strong entanglement in both diseases of
danger signaling with sensitization and pathology is of
special relevance; DAMP/PAMP-elicited innate immune
(danger) signals are crucial in enabling sensitization and
in determining the type of sensitization, and hence the
type of ensuing pathology. This entwinement of danger
signals, sensitization, and pathology may be relevant
also in explaining the substantial neutrophil inflammatory
infiltrate frequently observed in severe asthma. An HP-
like sensitization against antigens that intrinsically do not
elicit nor sustain this type of cellular immune response
may very well be at the basis of at least some forms of
severe asthma. This mechanism, in agreement with the
importance of gene-by-environment interactions in the
development of asthma, would imply a therapeutic ap-
proach to severe asthma patients that is different from the
approach taken when the symptoms are perceived sim-
ply as a worsening of mild asthma. Of clinical relevance,
hybrid mouse models manifesting elements of experi-
mental asthma and HP may help to resolve the still elu-
sive immune and pathogenic processes underlying se-
vere asthma.
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