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Abstract It is now recognized that asthma incorporates a
broad spectrum of syndromes with varying clinical manifes-
tations. Future improvements in asthma treatment will require
a clear characterization of these asthma phenotypes and the
cellular mechanisms underlying these clinical manifestations.
Herein, we will describe the current knowledge of asthma
biology. This will include a review of the early pioneers in
asthma and allergy, how this work led to our understanding of
TH1 and TH2 cytokines, and the development of the “hygiene
hypothesis.” We will discuss the utility and limitations of the
TH1-TH2 model of asthma in animal and human studies, and
how this knowledge addresses controversies surrounding the
hygiene hypothesis and other competing models. We will
discuss novel therapies that have been developed based on
mechanistic understanding of asthma pathobiology, including
successes and shortcomings of these therapies.We will review
the early work that led to the recognition of “asthma pheno-
types.” This will include the early discovery of various in-
flammatory subtypes in asthma and how these inflammatory
subtypes correlate with response to therapy. Finally, we will
describe recent discoveries in asthma biology that will include
the role of the airway epithelium in asthma pathogenesis,
novel cytokines important in asthma that may serve as novel
therapeutic targets, and the identification of newly described
innate immune cells and their role in asthma. Improved un-
derstanding of the complex biology underpinning the various
asthma phenotypes is critical for our ability to optimize

treatment for all patients that suffer from asthma and critical
asthma syndromes.
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Historical Perspective

Any understanding of the critical asthma syndrome (CAS)
requires an accurate clinical diagnosis and an appreciation of
its origins. The modern concept of asthma as an immunologic
disorder has its foundations in clinical observations spanning
two centuries (Fig. 1). This included early descriptions of
“asthmatic sputum” associated with specific cell types, Char-
cot–Leyden crystals, and Curshmann spirals, inflammation of
smaller airways, and paroxysms induced by environmental
exposures [1]. In the early 1920s, specific mechanisms for
allergic diseases including asthma, allergic rhinitis, and atopic
dermatitis were identified to be mediated by serum substances
known as reagins. This was first exemplified by the passive
transfer of fish hypersensitivity from one individual to another
[2]. Carl Prausnitz observed that his colleague Hans Küstner
was exceptionally sensitive to cooked fish. To determine if
this sensitivity was due to serum factors, he self-administered
an intradermal injection of serum from his colleague and
subsequently developed a new hypersensitivity to fish at the
site of injection [3]. Subsequently, it was shown that this
transfer of skin sensitization, the Prausnitz–Küstner reaction,
was mediated by a newly identified antibody class, IgE, which
mediated hypersensitivity reactions to a wide range of aller-
gens in multiple tissues including the lung [4]. Today, approx-
imately 60 % of asthma is linked to IgE-mediated reactions,
and IgE remains one of the best predictors for the develop-
ment of allergic asthma in humans. Further unpacking of these
initial key discoveries has informed our modern
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understanding of asthma immunology and the importance of
IgE in this process.

Another set of groundbreaking discoveries was the identi-
fication of specialized lymphocyte populations that were ca-
pable of upregulating IgE production. Building on previous
work on mouse helper T cells [5–9], Mosmann et al. clearly
demonstrated that specific T cell lines had characteristic cyto-
kine (lymphokine) and B cell-stimulating activities indepen-
dent of the method of stimulation [10]. From 22 TH cell
clones, they identified important phenotypic differences in
response to antigen that classified each clone into one of two
subgroups. One subgroup, dubbed TH1, produced interleukin-
2 (IL-2) and interferon-gamma (IFNγ) but did not produce
interleukin-4 (IL-4) or enhance IgE production. In contrast,
the other subgroup, TH2, produced IL-4 and was able to
enhance IgE antibody production, but did not produce IL-2
or IFNγ. This led to the TH1-TH2 paradigm that is well known
to us today (Fig. 2).

Together, these findings have provided a framework that
has substantially advanced our understanding of asthma today.
This includes insights into the pathobiology of asthma and
potential therapeutic targets that have proven useful in caring
for the majority of patients with mild asthma. Several ques-
tions remain, however, including how asthma develops in the
first place, the factors that determine asthma severity, the
mechanisms responsible for recurrent exacerbations, or why
some patients are unresponsive to current asthma medications
including the cornerstone of therapy—the corticosteroids.

As we will outline below, recent discoveries belie a com-
plex immune network that demonstrates that the TH1/TH2

paradigm is only part of the story.Wewill discuss the rationale
for therapies that target TH2 cytokines and the limitations to
this approach. Also, we will summarize newly described
asthma phenotypes and recently discovered cytokines and cell
types that potentially address the derangements seen in pa-
tients suffering from critical asthma syndromes.

The TH1-TH2 Model of Asthma

In the prevailing model of allergic or IgE-mediated asthma,
various environmental exposures (i.e., house dust mite, pol-
lens, animal dander, etc.) trigger airway epithelial cell and
dendritic cell interactions that initiate the immune response.
Dendritic cells process antigens derived from these environ-
mental exposures and present them to Tcells, which initiates a
clonal expansion of TH2-type lymphocytes. The clonal expan-
sion of TH2-type cells results in the elaboration of IL-4, IL-13,
and IL-5 and class switching of B cells to produce IgE. In
addition, TH2 cytokines upregulate mast cell and eosinophil
proliferation, and there is subsequent recruitment and reten-
tion of these cells in the lung. Activated mast cells and
eosinophils produce additional TH2 cytokines that perpetuate
airway inflammation (Table 1).

Similarly, there is mounting evidence that airway smooth
muscle (ASM) cells from asthmatics respond abnormally to
allergen. ASM cells primarily regulate airway diameter and
bronchomotor tone, and can contribute significantly to airway
hyperreactivity (AHR). They have been shown to secrete
numerous cytokines capable of recruiting inflammatory cells,

Fig. 1 Timeline of asthma
discoveries
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particularly mast cells, and it is thought that ASM myositis
contributes significantly to the pathogenesis of asthma. Rele-
vant to the TH1/TH2 paradigm, IL-5 appears to alter ASM
contractility, and IL-4 receptor polymorphisms in asthmatics
potentially alter ASM synthetic function and basement mem-
brane deposition [11, 12]. Reasons for the differential re-
sponse to otherwise innocuous antigens in asthmatics versus
non-asthmatics remain unknown.

At the center of this altered reactivity to antigen, which
leads to airway hyperreactivity, obstruction, and tissue dam-
age, is the TH2-type T cell response. Early characterizations of
inflammatory cell profiles in humans demonstrated increased
numbers of T lymphocytes in the bronchial mucosa of asth-
matic patients. Also, there were higher levels of CD4+ cells,
airway eosinophils, and eosinophil cationic protein in asth-
matics compared with non-asthmatic controls [13]. Subse-
quent studies in humans supported the concept that allergic
individuals express skewed TH2-type inflammation. This in-
cluded significantly elevated levels of IL-4, IL-13, and IL-5 in

bronchoalveolar lavage and tissue biopsies from asthmatic
individuals [14–16]. Whether this is directly responsible for
the increased risk of acute asthma exacerbations secondary to
environmental or infectious agents is uncertain. What is cer-
tain is that control of eosinophilic inflammation appears to
correlate with better asthma control and a reduction in acute
exacerbations [17].

Despite the circumstantial evidence that supports a role of
TH2 cytokines and eosinophils in asthma pathogenesis, there
was no direct evidence that CD4+ Tcells were responsible for
antigen-induced asthmatic responses in vivo or how these
networks are involved in acute asthma exacerbations in
humans. Initial work by Gavett et al. demonstrated that deple-
tion of murine CD4+ T cells prevented AHR and pulmonary
eosinophilia in A/J mice sensitized and challenged with sheep
red blood cells. Although the model produced a significant
degree of neutrophils, CD4+ cell depletion had a profound and
specific effect on eosinophilic inflammation in the lung inter-
stitium and bronchoalveolar lavage demonstrating a causal

Fig. 2 Classic Th1/Th2 paradigm: in response to pathogens and aller-
gens, airway epithelium and dendritic cells promote differentiation of
naïve TH0 cells into either TH1 or TH2 T-helper cells. Cytokines produced
by TH1 cells (IL-2 and IFN-g) inhibit the differentiation of TH2 cells and
activate cell-mediated immunity. This includes the recruitment and acti-
vation of natural killer (NK) cells, cytotoxic T lymphocytes (CTL), mono-
cyte/macrophages, and neutrophils. Cytokines produced by TH2 cells
include IL-4, IL-5, and IL-13, which will inhibit the differentiation of

TH1 cells and activate antibody-producing B cells (IgE), eosinophils,
mast cells, basophils, smooth muscle, and fibroblasts. This TH2-skewed
response subsequently leads to histamine release, smooth muscle con-
traction, mucus cell secretion, and fibrosis characteristic of the asthmatic
response. Although several features of this model are consistent with
clinical data from mild asthmatics, recent evidence suggests several other
regulatory factors are the primary targets for critical asthma syndromes
(see Box 1)
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role for the CD4+ T cell [18]. In subsequent studies, deletion
of IL-4 gene or neutralizing IL-4 in an ovalbumin (OVA)
mouse model of asthma resulted in a reduced eosinophilic
infiltration and lower amounts of IL-5 production [19]. Im-
portantly, this work suggested that IL-4 was not responsible
for eosinophilic infiltration into the airway, but instead en-
hanced IL-5 secretion that shifted the immune response to the
TH2 phenotype. More recently, IL-13, which shares a receptor
subunit with IL-4, has been implicated as the primary TH2
cytokine driving an asthma-like phenotype rather than IL-4
[20]. These findings provided the impetus to create targeted
therapies to attenuate this robust TH2 response.

Results from clinical trials using targeted therapies against
specific arms of the TH2 response have been mixed [21].
Fulfilling a research goal that first started in the 1920s,
targeted therapy against IgE, omalizumab, was available for
clinical use in 2002 for patients with poorly controlled disease.
Omalizumab is a humanized antibody that prevents interac-
tions of IgE with cells that carry the high-affinity FcεReceptor
I (i.e., mast cells). This prevents antigen-induced IgE bridging
and subsequent cell activation that leads to early-phase and
late-phase asthmatic responses. Omalizumab is associated
with improved asthma symptoms and reduced exacerbations,
confirming that targeted therapy against specific arms of the
TH2 response is effective in treating some patients with critical
asthma. In contrast, two different antibodies against IL-4,
pascolizumab and altrakincept, were shown to be effective
in blocking IL-4-mediated biologic effects in vitro, but did not
improve outcomes in two different asthmatic patient popula-
tions. Additional therapeutic targets including targets against
newly identified pathways (discussed below) are under active
investigation (Fig. 3). The variable responses to targeted

therapy reveal the complex immunobiology that underlies
CAS. The early successes with targeted therapies indicate
we are on the right track. However, continued efforts to fully
characterize the multiple pathways that lead to the clinical
manifestations of asthma, particularly patients suffering from
critical asthma syndromes, is required for us to tailor therapies
to each specific patient.

Although there is ample evidence that the TH2-type cell
and resultant cytokine production is important in the allergic
asthma response, it is not clear why atopic individuals have a
skewed TH2 response to otherwise innocuous antigen expo-
sure. Genetics undoubtedly play a role and atopic individuals
have been recognized to come from allergic families since
1190 A.D. [22]. However, the observed pattern of inheritance
suggests that multiple genes and possibly additional environ-
mental exposures (i.e., aeroallergens, air pollutants, or viral
infection) are required to manifest atopy [23].

Building on the work of Oscar Frick, Busse provided
evidence that respiratory viral infections potentially alter the
normal immune response towards a TH2 phenotype in suscep-
tible individuals [22, 24]. In this hypothetical model, respira-
tory viruses interact with immune cells to enhance virus-
specific IgE. This in turn sensitizes basophils and mast cells,
which are able to amplify the TH2 response with resultant
atopic symptoms. Whether or not infectious or noninfectious
exacerbations promote the TH2 phenotype or perpetuate it is
not known.

Based on an “epidemic” rise in atopic individuals after the
industrial revolution, David Strachan presented epidemiolog-
ical data that associated declining family size and improved
hygiene with increased incidence of allergic rhinitis [25]. This
alternative theory suggested that infection provided a

Table 1 Activated cell types and eosinophils that perpetuate airway inflammation

Cell type Products produced Biologic effect

Airway epithelium TSLP, IL-33, IL-25 Respond to environmental insults through PRRs (see Box 2), activate dendritic cells

Dendritic cell Processed antigen Migrate to local lymph nodes and present antigen to expand TH2-type T cell population

TH2 lymphocyte IL-4 Promotes B cell isotype switching, production of eotaxin, induces airway goblet cell
metaplasia, amplifies airway epithelial response to environmental insults

IL-13 Shares receptor with IL-4 and has similar biologic effects, may play a more important role
in asthma compared to IL-4

IL-5 Promotes eosinophil growth, maturation, and activation

B cell Processed antigen, IgE Activate T cells to reinforce IgE production, activate mast cells and eosinophils to release
preformed products that characterize the early allergic response

Mast cell Histamine, neutral proteases,
lipid mediators

Increase vascular permeability and smooth muscle contraction resulting in airway
hyperreactivity

IL-4, IL-13, IL-5 Amplifies development and recruitment of mast cells to the lung

Eosinophil Major basic protein Toxic to bacteria and helminthes, but damage host cell membranes as well, may increase
recruitment of other inflammatory cells

IL-4, IL-13, IL-5 Amplifies development and recruitment of eosinophils to the lung

Airway smooth muscle RANTES, eotaxin, IL-8,
MCP, IL-5, ICAM/VCAM

Promotes activation and recruitment of inflammatory cells including mast cells and
eosinophils, may promote matrix deposition and hypertrophy
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paradoxically protective rather than injurious effect on immu-
nologic responses to allergens. Repeated exposures to bacte-
rial and viral infections reinforced the “natural” Th1 immune
response. In the absence of repeated pathogen exposure, the
Th1 immune response is then unable to suppress the TH2
response to innocuous allergens [26]. This theory became
known as the “hygiene hypothesis.” Controversies remain
between these two models. Most asthma exacerbations are
provoked by viral infections [27], but it is unclear if this
exuberant response to viral infection is caused by early viral
infection, potentially prevented by early childhood exposures,
or reflects an underlying predilection for dysregulated im-
mune response to infection. Similarly, the relationship be-
tween asthma initiation and adult asthma symptoms remains
unclear and is a field of active investigation.

By the mid-1990s, there was growing evidence that the
TH1/TH2 paradigm reflects the extreme ends of the spectrum
and incompletely explains the mechanisms underlying many
patients with asthma [28]. Although the hygiene hypothesis
held true for allergic rhinitis between two separate cohorts
separated by 12 years, the data did not support significant
predilections for asthma based on birth order or socioeconom-
ic status [26] (Fig. 4). Similarly, not everyone with allergic
rhinosinusitis develops asthma [29]. Worldwide studies defin-
itively demonstrate that the burden of childhood asthma is
similar between low-income and high-income countries [30],

making it less likely that lack of pathogen exposure initiates a
TH2-skewed immune response. Studies in mouse models of
allergic asthma demonstrated that asthmatic airway
hyperresponsiveness and eosinophilic inflammation were the
result of two separate regulatory processes rather than a single
TH2-mediated event [31, 32]. Improved clinical definitions of
disease and the incorporation of more severe asthmatics in
clinical studies have revealed important differences in the
multiple inflammatory pathways that are responsible for the
clinical heterogeneity of asthma [33], which suggest that
asthma should be thought of as a syndrome rather than a
single disease entity.

An important study byWenzel and colleagues [34] defined
two populations of severe asthma based on the pattern of
inflammatory cells found in endobronchial biopsy samples.
Based on their previous work that neutrophils were present in
higher quantities in corticosteroid-resistant asthmatics [35],
they hypothesized that subtypes of severe asthma could be
separated into two immunopathologic categories based on the
presence or absence of eosinophils in the airway. Patients
referred to the investigators’ clinic who had an FEV1 <70 %
on more than one occasion in the previous year and required
≥10 mg of prednisone during >75 % of the year underwent
evaluation with bronchoscopy and endobronchial biopsy. Tis-
sue samples were examined for tissue cell types and subbase-
ment membrane thickness. In patients with severe asthma, 14

Fig. 3 Adapted from Pelaia et al. [21]. Reproduced with permission. Targeted therapies against cytokines important in asthma
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biopsy samples yielded solely neutrophils, while 20 patients
had both eosinophils and neutrophils. The subbasement mem-
brane was thicker in the eosinophil (+) severe asthmatics, but
this group had significantly less episodes of respiratory fail-
ure, higher FEV1, and a higher ratio of FVC to slow vital
capacity compared to the eosinophil (−) severe asthmatics.

Segregating patients based on clinical features using prin-
cipal component or cluster analyses revealed three to five
asthma phenotypes [36–38]. Haldar and colleagues described
three major phenotypes divided by concordance of symptoms
and eosinophilic inflammation. Patients with concordant

disease were those patients that had respiratory symptoms that
correlated with eosinophilic asthma. Patients with discordant
disease fell into two categories: those with a high degree of
symptoms and minimal eosinophilic inflammation and those
with a high degree of eosinophilic inflammation with minimal
symptoms (Fig. 5). It is postulated that those with concordant
disease have an underlying immunopathology reflective of the
classic TH2 model of inflammation. Asthmatics with discor-
dant disease belie an underlying immunopathology that is
distinct from the TH2 model, and therefore will be more
resistant to TH2-targeted therapies and have more frequent

Fig. 4 Adapted from Strachan [26]. Reproduced with permission. Relationship of birth order or socioeconomic status on the incidence of atopic disease

Fig. 5 Adapted from Haldar et al. [36]. Reproduced with permission. Classification of phenotypes based on relationship between symptoms and
eosinophilic inflammation. Those with discordant disease or higher symptom profiles should be referred to an asthma specialist
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critical asthma exacerbations. The nature of these biological
differences is unclear and identifying clinical phenotype clus-
ters is necessary to improve our ability to accurately provide
targeted therapy.

Despite the alternative pathways proposed for the develop-
ment and pathogenesis of asthma, the allergic model of asthma
as a TH2-dominant disease with elevated IgE production and
eosinophilia should not be abandoned. Themajority of asthma
patients fit this classic paradigm well. This group of patients
tends to respond favorably to corticosteroids and TH2-targeted
therapies [39, 40]. Continued work in this area will likely lead
to improved targets for drug therapy. For example, Woodruff
and colleagues outlined “TH2-high” and “TH2-low” groups in
patients with mild to moderate asthma. These patient groups
were separated based on increased mRNA expression of IL-5
and IL-13 from bronchial biopsy specimens. The TH2-high
subjects had higher airway hyperresponsiveness as measured
by methacholine bronchial challenge, serum IgE levels, blood
eosinophilia, intra-epithelial mast cells, and levels of eosino-
phils in bronchoalveolar lavage samples. Similarly, TH2-high
patients had increased reticular basement membrane thickness
and shifts in airway soluble mucin expression. In this 8-week
study, TH2-high subjects had an average increase of 300 mL in
FEV1 in response to inhaled corticosteroids and this was
significantly greater than the increase in either the TH2-low
or the placebo-control group [41]. This study was one of the
first to show clear responses to therapy tailored to a specific
molecular phenotype. However, whether such characteriza-
tion is practical and cost-effective in the treatment of
difficult-to-control asthma is unclear. In addition, patients with
TH2-mediated asthma are felt to exhibit milder forms of asth-
ma [39], are easier to treat, and are presumably are at lower
risk for developing one of the critical asthma syndromes.
Therefore, continued efforts to better understand the mecha-
nisms underpinning the various asthma syndromes is desper-
ately needed to improve therapeutic options for those patients
at the highest risk of serious exacerbations.

Recent Discoveries

Where are we today in thinking about new drug targets for
asthma and, perhaps, the critical asthma syndrome? Genome
Wide Association Studies have revealed significant differ-
ences in gene expression and single nucleotide polymor-
phisms in asthmatics versus non-asthmatics that are potential
targets for study [42] (Table 2). Several potential pathways
have emerged based on current molecular techniques and
improved understanding of the various cell types in the lung.
It is now clear that early innate immune responses play a
critical role in the development of asthma and atopy. The role
of the airway epithelium, and how it informs the adaptive
immune response, is increasingly appreciated as a critical

component for asthma pathogenesis. Potential pathways dif-
ferentially involved in the various asthmatic phenotypes in-
clude specific airway epithelium responses to allergens and
infection, uptake and processing of antigen by dendritic cells,
cross-talk between airway epithelium and dendritic cells, an-
tigen presentation to immune activating cells, and regulation
of cellular immune responses. The first interaction between
the lung and the environment is through the airway epitheli-
um, and pattern recognition receptors (PRRs) are one of the
primary mechanisms by which the airway epithelium recog-
nizes microorganisms and allergens (Box 1).

Box 1: PRRs function in airway epithelium to rapidly detect danger from
the environment. This includes pathogen-associated products such as
LPS or ssDNA, pathogen-associated molecular patterns (PAMPs), or
products of cell damage such as ATP or lipid metabolites, damage-
associated molecular patterns (DAMPs). The activation of PAMPs
or DAMPs initiates airway epithelia to produce antimicrobial pep-
tides and cytokines that interact with other immune cells in response to
the microbe or injury. Examples include protease-activated receptors
(PARs), Toll-like receptors (TLRs), NOD-like receptors (NLRs), and
C-type lectins. PARs (i.e., PAR-2) induce airway epithelial cells to
secrete cytokines in response to proteolytic allergens such as pollen and
house dust mite. PAR-2 has been shown to be important for induction
of TH2 immunity in response to proteolytic antigens. TLRs signal in
response to bacterial or viral components to induce a number of
proinflamatory cytokines that can exacerbate asthma symptoms.
NLRs expressed by airway epithelium include NOD1 and NOD2.
NLRs are associated with the production of TH2 cytokines, TH17-
type immunity, and the inflammasome. C-type lectins are expressed on
airway epithelial cells and recognize motifs found on inhaled fungus,
house dust mite, pollens, and animal dander.

Activation of the airway epithelial cell is an essential com-
ponent of dendritic cell activation and subsequent immune
cell recruitment to the lung [43]. Although dendritic cells also
express the same PRRs as epithelial cells, dendritic cells
require epithelial recognition of the pathogen before they
can be activated [44]. Recognition of protease-active allergens
or microorganisms by PRRs in the airway epithelium results
in the expression of multiple cytokines, nucleotides, and fatty
acid metabolites that subsequently signal to immune cells
responsible for recruiting TH1 or TH2 cytokines, neutrophils,
and eosinophils [45] (Fig. 6).

Table 2 GWAS targets
(adapted from
Ramasamy)

Gene locus Asthma-associated SNP

IL-13 rs1295686

HLA-DQ rs9273349

IL-18R1 rs3771166

IL-1RL1 rs1420101

SMAD3 rs744910

IL-33 rs3939286

IL-33 rs1342326

RORA rs11071559
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One potentially important cytokine derived from airway
epithelial cells in response to allergen is thymic stromal
lymphopoietin (TSLP). TSLP was first identified as a promot-
er of pre-B cell growth in mouse thymic stromal tissue [46].
TSLP expression activates dendritic cell production of IL-8
and eotaxin-2, two cytokines known to recruit neutrophils and
eosinophils, respectively. There is also evidence that TSLP
derived from airway epithelial cells can stimulate CD4+ Tcell
production of TH2 cytokines [47]. A recent paradigm-shifting
and novel discovery suggests that TSLP can directly activate
TH2 cytokine production from a newly identified lymphoid
cell type to produce independent of the adaptive immune
system (see below). This suggests that TH2 cytokine produc-
tion can occur in the airway without the need of dendritic cell
activation or adaptive immune cells. Abnormal production of
TSLP from the airway epithelium in response to allergens can
promote pathologic recruitment of eosinophils or neutrophils.
TSLP is essential for the development of allergic inflamma-
tion in several mouse models and human studies, suggesting
that airway epithelial-derived factors can directly enhance the
asthmatic phenotype [48–50].

Interleukin-33 (IL-33) is a member of the IL-1 cytokine
family expressed by epithelial cells and can act directly on
immune cells expressing the IL-33 (ST2) receptor. This

receptor is preferentially expressed on Th2-type cells, sug-
gesting a strong link to allergy [51]. IL-33 production from
airway epithelial cells can be signaled by pathogen-associated
or damage-associated molecular patterns (PAMPs or DAMPs)
providing multiple mechanisms for allergens and viruses to
activate IL-33 signals. For example, cell damage from
protease-active allergens will activate DAMPs and virus in-
fection will activate PAMPs which can both lead to upregu-
lated IL-33 production from airway epithelial cells. Target
cells of IL-33 include Th2-type cells, innate lymphoid cells
(ILCs) (see below), mast cells, basophils, and dendritic cells.
GWAS studies demonstrate that IL-33 and the IL-33 receptor
are distinct targets for the development of asthma. In mouse
models, the administration of IL-33 induces features of asthma
independent of the adaptive immune system, which suggests
derangements in innate immunity alone are sufficient to cause
asthma [52].

Similar to IL-33, IL-25 is released from epithelial cells in
response to allergen challenge in both murine models of
asthma and in human asthma patients [53–55]. IL-25 signals
through a heteroreceptor containing one subunit unique to IL-
25 (IL-25R) and another subunit that is shared with IL-17B
and IL-25 (IL-17RB). IL-25 is known to promote TH2 im-
mune responses in the lung, and this effect appears to be

Fig. 6 Overview of multiple pathways leading to asthma pathogenesis. Note that several features of asthma, traditionally attributed to the classic TH1/
TH2 paradigm, potentially are mediated directly through innate lymphoid cells (ILCs)
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through direct activation of ILCs, specifically group 2 ILCs.
In addition, IL-25 has been shown to recruit fibroblasts and
endothelial cells—suggesting a potential mechanism for air-
way remodeling in asthma [56]. IL-25 may also enhance
production of TSLP and IL-33, acting to amplify the functions
of these two cytokines. Targeted therapy against any of these
three proteins may provide additional tools to prevent or treat
patients suffering from CAS.

ILCs are newly identified members of the lymphoid line-
age and have the capacity to produce many of the cytokines
typically associated with the adaptive immune system, includ-
ing TH1, TH2, and TH17 cytokines, without the need to re-
spond in an antigen-specific manner (Box 2). Similar to pre-
vious characterization, innate lymphoid cells are classified
into three major phenotypes according to the cytokines they
produce [57]. Group 1 ILCs (ILC1, with NK cells reorganized
into this group) function to mediate viral infection and pro-
duce high levels of IFNγ, perforin, or granzymes. Group 3
ILCs (ILC3) provide support for lymphoid tissue develop-
ment and immunity to extracellular bacteria. The products of
ILC3 include lymphotoxin, IL-17, a potent neutrophil
chemoattractant, and IFNγ. Of particular importance to asth-
ma are the group 2 ILCs (ILC2). These cells are differentially
regulated by the RORα transcription factor, which has been
associated with human asthma [58]. In addition, group 2 ILCs
produce many of the cytokines implicated in asthma patho-
genesis including IL-5, IL-9, and IL-13. And, they are directly
regulated by TSLP, IL-25, and IL-33.

Box 2: ILCs are newly identified group of immune cells that share
several features with classical TH cell subtypes. They differentiate
from ID2+ stem cells after stimulation by IL-7, IL-25, IL-33, and others
into specific ILC subtypes. Similar to classical TH cell subtypes, ILCs
are categories by the cytokines they produce. Group 1 ILCs include
NK cells, which have been renamed, and produce IFNγ in response
to viruses, inflammation, or tumor. Group 2 ILCs produce IL-5, IL-
13, and IL-9 in response to helminths or tissue injury and are thought to
be highly relevant to allergy and asthma. The nuocyte have been
reclassified as a group 2 ILC. Group 3 ILCs provide host immu-
nity by producing IL-17 and IFNγ in response to bacterial infec-
tion. Both IL-17 and IFNγ are known to recruit neutrophils to the site
of injury and may have a particularly relevant role in severe asthma
phenotypes that are characterized predominantly by neutrophilic
inflammation.

The discovery of innate lymphoid cells provides a mecha-
nism of how asthmatic symptoms can be seen in a mouse
model lacking the adaptive immune system [52]. As modeled
in Fig. 6, exposure of airway epithelial to protease-active
allergens or viral infection results in the production of TSLP,
IL-25, or IL-33. These cytokines can stimulate dendritic cells
to move to the lymph tissues and stimulate TH2-like cells or
directly act on ILC2 to immediately produce TH2 cytokines.
This finding suggests deficits in immune signaling from the
epithelium alone would be sufficient to drive an abnormal

cytokine response from ILCs. This discovery may provide
novel targets for therapy that do not require inhibiting the
adaptive immune system.

Interleukin-17 (IL-17) and TH17 cells also play a role in
allergic disease and asthma [59, 60]. This is an important
subset of T cell effectors to consider in asthma and CAS since
it represents one of several non-Th2 cellular responses impor-
tant in disease pathogenesis. These TH17 cells are considered
“adaptive lymphoid cells” that are derived from lymphoid
precursors via the transcription factor retinoic acid receptor-
related orphan receptor (RORγt) [61]. Th17 cells predomi-
nantly produce IL-17A, IL-17F, IL–6, IL-22, and TNF-α, all
of which have been implicated in the development of airway
diseases including asthma. Serum and airway mRNA and
protein levels of IL-17 are elevated in asthmatics [62, 63];
IL-17 also correlates with airways hyperresponsiveness, asth-
ma disease severity, and corticosteroid resistance. IL-17A
induces the expression of two important mucin genes,
Muc5AC and Muc5B, in human bronchial epithelial cells
[64]. IL-17 also works in concert with other airway epithelial
cytokines (e.g., IL-6, IL-8, ICAM-1) to promote airway in-
flammation relevant to asthma [65]. Thus, IL-17 mediates key
pathogenic features of CAS. Lastly, IL-17 is thought to pro-
mote the influx of neutrophils into airways resulting in dam-
age to airway resident cells and eventual adverse airway
remodeling [60, 66, 67]. Related to this pathway is IL-23
which is a key molecular signal for TH17 cell propagation.
IL-23 and IL-17 together may enhance TH2 cell-mediated
airway eosinophilia in mouse models of allergic asthma
[68]. Thus, targeting both IL-23 and IL-17 maturation, prop-
agation, and signaling in CAS may have therapeutic benefits
for this cohort of steroid-resistant asthmatics. However, the
true effect of these T cell lineages in human asthma is more
nuanced and complex since “innate lymphoid cells” such as
NK cells are also involved in severe asthma [69]. Targeting
the IL-17 signaling machinery (e.g., MAP kinase) and/or IL-
17 receptors (IL17RA and IL17RC) is an area worthy of
further research.

Immunotherapy has been held as the holy grail of asth-
ma treatment since the very first discovery of IgE. In 1978,
Ishizaka wrote that “a crucial role of IgE antibody in
reaginic hypersensitivity and atopic diseases suggests
strongly that prevention or suppression of IgE antibody
formation is beneficial for atopic patients.” The seductive
idea that we can identify a silver bullet to optimally treat
critical asthma syndromes is the driving force for much of
the research on the mechanisms underlying asthma. The
limited success of anti-IgE therapy and moderate success of
anti-IL-5 therapy should not dissuade us from pursuing
immunotherapeutic options. In fact, the most recent find-
ings suggest that clinical failures of TH2-type targeted
therapies are likely due to phenotypic differences that we
are only now beginning to understand.
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Concluding Statement

Better illumination of the immunologic underpinnings of the
various asthma phenotypes, the clinical features that charac-
terize each phenotype, and potential biomarkers that are spe-
cific to each patient groupwill allow us to optimize therapy for
each patient according to the specific treatment that they need.
Harkening back to the curiosity that inspired Carl Prausnitz to
discover the transferable factor that led to the first identifica-
tion of IgE, we must remain curious about the differences in
our patients that manifest as response or resistance to thera-
pies. With this knowledge, we will be better equipped to care
for all patients suffering from asthma and reduce the morbidity
and mortality from critical asthma syndromes.
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