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Summary

A large body of experimental evidence supports the hypothesis that T-helper 2 (Th2) cytokines
orchestrate allergic airway inflammation in animal models. However, human asthmais
heterogeneous with respect to clinical features, cellular sources of inflammation, and response to
common therapies. This disease heterogeneity has been investigated using sputum cytology as
well as unbiased clustering approaches using cellular and clinical data. Important differencesin
cytokine-driven inflammation may underlie this heterogeneity, and studies in human subjects with
asthma have begun to elucidate these molecular differences. This molecular heterogeneity may be
assessed by existing biomarkers (induced sputum evaluation or exhaled nitric oxide testing) or
may require novel biomarkers. Effective testing and application of emerging therapies that target
Th2 cytokines will depend on accurate and easily obtained biomarkers of this molecular
heterogeneity in asthma. Furthermore, whether other non-Th2 cytokine pathways underlie airway
inflammation in specific subsets of patients with asthmais an unresolved question and an
important goal of future research using both mouse models and human studies.
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Introduction

Although the discovery of many cytokines took place in the context of immune cells, a
major subsequent focus has been to understand how their effects on non-immune cells
manifest as clinical human disease. A wide range of non-immune cells have the ability to
respond to the cytokine milieu, and many also have the ability to secrete cytokines (1).
These two properties give many non-immune cells the ability to both effect and perpetuate
an inflammatory environment. For example, epithelia cells can respond to tumor necrosis
factor-a (TNF-a) by secreting interleukin-8 (IL-8), which recruits neutrophils to sites of
injury (2). These cytokine responses and functions in non-immune cells provide mechanisms
for disease, potential drug targets, and biomarkersto track disease progression and responses
to targeted therapies.

Asthmais one disease in which we and many others have made substantial progress through
an understanding of the roles of cytokines. Asthmais a chronic inflammatory disorder of the
airways characterized by episodic and reversible airway obstruction and bronchial hyper-
responsiveness. Asthma affects 7% of adultsin America and is more prevalent in minority
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groups (Black and Puerto Rican) and in the impoverished (3). Because the prevalence of
asthmais high and both its prevalence and burden have increased over the last several
decades (4-6), reduction in asthma prevalence and improvement in treatments have been key
components of public health programs such as Healthy People 2010 (7).

Allergic asthma, in which inflammation and airway obstruction are triggered by allergen
exposure in atopic individuals, is the best studied form of the disease. Stepsin the
immunopathogenesis of allergic inflammation are complex, and the reader isreferred to
several recent reviews for detail (8, 9). Current models include the initiation of allergic
responses in the airway by epithelial cells which release thymic stromal lymphopoietin
(TSLP), IL-33, and IL-25 in response to allergens. TSLP mediates migration of dendritic
cells (DCs), which present antigen to and promote differentiation of T-helper cells. T-helper
cells mediate immunoglobulin E (IgE)-isotype switching in B cells. Antigen specific-IgE, in
turn, binds to mast cells and basophils in the airway, augmenting local allergic responses. In
addition, the IL-33 and IL-25 produced by epithelial cells promote IL-13 and IL-5 release
from IL-25 receptor (IL-25R)* natural helper cellsin the airway (10-12), which then
promote Th2 cell differentiation and further production of the Th2 cytokinesIL-4, IL-5, and
IL-13 (13-15) locally. In the process, memory T and B cells are generated that can facilitate
more rapid responses to repeated stimulation and disease chronicity. The downstream
consequences of 1L-13 exposure on resident lung cells in asthmainclude goblet cell
metaplasia and increased mucous production (16) and airway fibrosis (17). Other possible
conseguences include airway smooth muscle hyper-responsiveness (18-21) and remodeling
(22).

Asthma heterogeneity and phenotypes

By definition, all asthmatics share common physiologic abnormalities of airflow limitation
such as obstruction on spirometry, airway hyper-responsiveness to methacholine challenge,
and symptoms that can include shortness of breath, chest tightness, wheeze, and cough.
Despite these shared features, clinicians have long recognized the great heterogeneity in the
severity of airway obstruction and symptoms, degree of reversibility, and the amount of
improvement in response to medications. Up to 30-45% of asthmaticsfail to have
improvement in lung function with high doses of inhaled corticosteroids, the gold-standard
anti-inflammatory therapy (23, 24). Thereis also variation in the triggers causing episodic
airflow limitation such as exercise, allergens, aspirin or occupational irritants, the frequency
and severity of exacerbations, and long-term outcomes such asirreversible loss of lung
function due to airway remodeling.

In an attempt to understand the mechanisms for these differences and devel op targeted
therapeutics, many approaches have been taken to assign asthmatics to distinct phenotypes
that can predict disease course and treatment response. Simple, univariate separations based
on physiologic parameters such as the degree of obstruction on spirometry or frequency of
symptoms and rescue medication use have been integral components of national guidelines
for asthma classification and care (25), but these separations fall short of providing insight
into molecular mechanisms. These guidelines have been very valuable in public health
efforts to improve asthma education and care, specifically with respect to promotion of
inhaled corticosteroid (ICS) use for asthma control. On balance, therefore, these coarse
classification schemes have been very useful. But a better appreciation of disease
heterogeneity and the treatment implications of that heterogeneity will be important in
treating severe asthmaand in the clinical application of emerging cytokine-based biologics,
which are likely to be expensive. In addition, patients who do not respond to inhaled
corticosteroids represent an unmet clinical need. Given the critical role of cytokinesin
asthma, our group has taken a molecular approach to distinguish subgroups based on
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differences in the composition of the cytokine milieu and its downstream effects. In this
review, we summarize our findings and place them in the context of other attempts to find
clinically and biologically meaningful phenotypes.

Cellular inflammatory phenotypes

An early approach to asthma classification rightfully focused on the type of cellular
inflammation present upon microscopic observation of samples from diseased lungs. The
goals with this approach as with others discussed below were to identify mechanisms,
predictors, and drug targets, while recognizing heterogeneity in asthma. Not long after Paul
Erlich described eosinophilsin 1879, findings of eosinophilsin airway tissues and sputum in
asthma led to the general consensus that eosinophils were the sentinel inflammatory cell in
that disease. Analyses of sputum, bronchoalveolar lavage, and endobronchial biopsy
specimens from living asthmatics and post-mortem samples from fatal asthma has found that
the mgjority of asthmatics have elevated eosinophils (26). However, not al asthmatics have
eosinophilsin their sputum, and this subset represents more than simply sampling error.
Based on the cellular composition of induced sputum samples, non-eosinophilic asthma may
be seen in up to 25% of asthmatics not on treatment and in up to 50% of those on treatment
(27). A comparison of patients with and without eosinophilia revealed that non-eosinophilic
asthma has a poor response to ICS, the gold-standard asthma treatment (28, 29).
Furthermore, non-eosinophilic asthma is seen across a range of asthma severity, from mild,
moderate, to severe, and in the severe group has been associated with alower FEV 1, fewer
mast cells, and less sub-epithelia fibrosis (i.e. airway remodeling) (30).

Further refinement of this cellular classification has led to four categories based on induced
sputum inflammatory cells: (i) eosinophilic, (ii) neutrophilic, (iii) mixed eosinophilic and
neutrophilic, and (iv) paucigranulocytic, where there is no observable presence of
inflammatory cells (27, 31, 32). Eosinophiliais most commonly seenin classic atopic
asthma with allergen-mediated inflammation, and except for severe cases, generaly has
good response to inhaled corticosteroids in terms of reduced eosinophils, airway obstruction,
and symptoms (27, 33-35). Neutrophilia has been noted in asthmatics with acute and chronic
infection, obesity, smoking, and irritant exposure such as pollutants (27), in subsets of
patients with severe asthma (30), and during acute asthma exacerbations (36). We have
previously shown that neutrophiliais associated with reduced lung function, as measured by
FEV 1, independent of eosinophils (37, 38). Mixed neutrophilia and eosinophilia has been
reported in refractory asthma. One study found that subjects with mixed neutrophilia and
eosinophilia had lowest lung function, highest frequency of daily wheeze, and highest health
care utilization (31). Most studies have concluded that asthmatics with low eosinophilia
have poor response to steroid treatment (27).

Clinical phenotypes from cluster approaches

Two studies have made significant advancesin our understanding of asthma heterogeneity
through the use of multivariate approaches. These studies recognize the limitations of using
only one variable, such as severity of airflow obstruction or type of cellular inflammation.
Instead, they identify phenotypes by clustering asthmatics together based on similarity
across multiple variables. Haldar er &/. (39) used principal components analysis (PCA) and
clinical experienceto select a subset of variables that were measured in clinical practice—
age of asthma onset, gender, atopic status, body mass index (BMI), peak flow variability,
induced sputum eosinophil counts, and symptom scores. These variables were used in k-
means clustering to identify 3 distinct clustersin mild to moderate asthmatics, one with
early-onset atopic asthma and eosinophilia, another with a preponderance of obesity,
females, and lack of eosinophilia, and a third with very mild disease and lack of airway
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eosinophilia. When applied to asthmatics with more severe, refractory disease [as defined by
ATS criteria (40)], the same analysis revealed four clusters: two similar to the early-onset
atopic, and obese non-eosinophilic clustersidentified in milder asthmatics; the other two
clusters had a dissociation between eosinophilia and asthma, one with early-onset and
symptoms in the absence of eosinophilia, and the other with late-onset, minima symptoms
and marked sputum eosinophilia. These clusters were validated by their presencein an
independent prospective cohort of severe asthmatics. The presence of an obese, non-
eosinophilic phenotype combined with the known steroid-responsiveness of eosinophilic
inflammation suggests an explanation for the lack of improvement with steroids seen in
obese asthmatics (41, 42). That gender, age of onset, BMI, and atopic status were invariant
across time and therapy suggests that the phenotypes identified by the multivariate
clustering method might be stable characteristics of individuals, though this was not
definitively shown in this study.

Application of induced sputum analyses in clinical practice would require significant effort
and standardization, and this approach has not penetrated health delivery systemsin the US.
Using only spirometric measurements and clinical characteristics, Moore et &. (43) provide
a complementary view of asthma heterogeneity through multivariate clustering of subjects
from the Severe Asthma Research Program, which includes the full range of asthma
severity. In this study, hierarchical clustering of subjects with 34 variables representing
demographics (sex, age, race), age of onset, duration, symptoms, medication use, health-care
utilization rates, lung function, and atopy revealed 5 distinct clusters. Further analysis
showed that the 11 most distinguishing variables included baseline and post-bronchodilator
FEV1 and FVC, age of onset and asthma duration, sex, frequency of p»-agonist use, and
dose of corticosteroids. Features consistent with allergic disease—early age of onset and
atopy—were present in 3 clusters representing 76% of patients overall. Corresponding to the
obese, non-eosinophilic cluster in the Haldar ef &. analysis, the SARP study found an obese,
female predominant, late-onset, non-atopic cluster accounting for 10% of the subjects
studied, with moderate reduction in FEV; and a need for frequent oral corticosteroid.
Subjects with severe asthma were mostly divided between two clusters, one with early-
onset, atopic disease and significant reversibility in FEV 1 after administration of
bronchodilator, and the other a femal e-predominant cluster with later-onset, less atopy, and
poorer response to bronchodilator. Consistent with the theory that ongoing inflammation can
lead to chronic airway remodeling and obstruction, longer disease duration was well-
correlated with severe asthma and low lung function across all study subjects. An important
contribution of this study was the creation of a decision tree from three variables readily
available in the clinic: pre-bronchodilator FEV 1, post-bronchodilator FEV 1, and atopic
status. This decision tree had 80% accuracy in classifying the study subjects into their
assigned cluster, suggesting that with further validation and study, clinical clustering
approaches have the potential to be used in the clinic to predict severity and treatment
response.

phenotypes

Given advances in our understanding of the molecular pathways involved in asthmaand in
particular the key cytokines, there is amajor advantage to using modern molecular
techniques to characterize asthma heterogeneity. Creating subgroups of asthma based on the
activity (or lack thereof) of specific cytokine pathways immediately identifies mechanisms
underlying clinical phenotypes, new pharmaceutical targets, biomarkers for clinical trials of
targeted pharmaceuticals, and has the potential to predict treatment response in the clinic.

Epithelial cells are anatomically well positioned to be major drivers of airway remodeling,
including sub-epithelial fibrosis (44-47) and smooth muscle hyperplasia (48-50). Based on
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the knowledge that airway epithelial cells respond to the cytokine milieu to contribute to
airway immune responses (51), our group has studied the gene expression profiles of
epithelial brushings obtained through research bronchoscopy in a well-characterized cohort
of asthmatics and healthy controls as a means of identifying distinct molecular phenotypes
(52, 53). For characterization of molecular phenotypes based on native disease
pathophysiology, we have focused first on mild to moderate asthmatics who are not using
inhaled or systemic corticosteroids, as steroids likely ater epithelial gene expression.
Among the most highly induced genesin mild asthmatics as compared to healthy controls
were chloride channel, calcium-activated, family member 1 (CL CA 1), periostin, and serine
peptidase inhibitor, clade B (ovalbumin), member 2 (serpinB2, also known as plasminogen
activator inhibitor-2). Induction of periostin, an integrin ligand and extracellular matrix
protein with rolesin cell adhesion, cell motility, matrix remodeling, and fibrosis (54, 55),
and serpinB2amember of the serpin class of proteases that promote fibrin formation and
deposition and may be involved in the regulation of immune responses (56, 57), was
confirmed at the protein level aswell. All three of these genes were found to be directly
regulated by IL-13 and IL-4 in isolated human airway epithelia cells /n vitro (55, 58). These
data established that the expression of three genes, CL CA1, periostin, and serpinB2, serves
as asurrogate marker for the effects of IL-13/IL-4, and hence Th2 inflammation, in the
airway.

Among the top 10 most differentially expressed genes in asthmatics were two mast cell
proteases, fryptaseand carboxypeptidase A3. Mast cells have been proposed to have a
critical rolein airway hyper-responsiveness (59, 60), though their presence in the epithelial
compartment in asthmatics has varied across studies, perhaps due to small sample sizes,
inclusion of subjects using inhaled corticosteroids, and imprecise methods of quantification.
Using design-based stereology (61, 62), we showed that asthmatics have an accumul ation of
intraepithelial mast cells, and through immunohistochemistry, that these mast cells express
tryptase and CPA3 (63) at the protein level. Stimulation of primary human bronchial
epithelial cells at an air-liquid interface with IL-13 induced the expression of sterm cel/
factor, agrowth factor and attractant for mast cells. Thisinduction of sterm cell factor
provides a mechanism for the increased numbers of intraepithelial mast cellsin asthmatics.
Additional studies of intragpithelial mast cells in asthma highlight their particular
importance in severe asthma (64).

Further analysis of these study subjects showed that nearly half of those with asthmawere
indistinguishable from healthy controls based upon the epithelial brushing expression of the
three surrogate markers of 1L-13 exposure, periostin, CL CA 1, and serpinB2(53) (Fig. 1A).
This finding suggested that our population of asthmatics was heterogeneous; some had Th2-
high and others Th2-low inflammation. Increased expression of /L-13and /L-5in Th2-high
subjects, as assessed by quantitative polymerase chain reaction (qPCR) in bronchial biopsy
specimens, provided further confirmation for this molecular phenotype (Fig. 1B). Compared
to healthy controls, both Th2-high and -low subjects had decreased FEV 1, bronchodilator
responsiveness, and positive allergen skin-prick tests. However, Th2-high subjects were
enriched for airway hyper-responsiveness (as measured by the concentration of
methacholine required to effect a 20% decline in FEV 1 [PCyq methacholing]), serum IgE
levels, and both blood and especially bronchoalveolar lavage eosinophilia. Th2-high
subjects also had increased numbers of intra-epithelial mast cells (63). Through rigorous
application of design-based stereology, we found that reticular basement membrane
thickness, a measure of sub-epithelial fibrosis and hence airway remodeling, was
significantly increased in Th2-high but not Th2-low subjects. Furthermore, there were
dramatic differences in the types of epithelial mucin genes expressed in Th2-high and Th2-
low subjects, with an increased MUC5A C/MUCSB ratio in Th2-high asthma. These data
support the existence of a distinct asthma molecular phenotype as a result of increased Th2
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activity, from which follow testable hypotheses about the molecular mechanisms of
eosinophilic inflammation, airway hyper-responsiveness and airway remodeling.

We performed a randomized placebo-controlled trial of inhaled corticosteroids in this same
study showing that the Th2-low phenotype did not respond with an increase in lung function
to inhaled corticosteroids as did the Th2-high group (Fig. 2). After inhaled corticosteroids,
the Th2-high group had a reduction in expression of periostin, CL CA1, serpinB2, and the
mast cell proteases fryptaseand carboxypeptidase (CPA3), the latter suggesting a
mechanism by which inhaled corticosteroids improved lung function in the Th2-high
subgroup. Further investigation of the differences between the Th2-high and -low groups
may improve our understanding of corticosteroid insensitivity and resistance, which as
mentioned earlier is a significant unmet clinical need.

Another question of interest is whether the Th2-high and -low molecular phenotypes are
stable characteristics of individual subjects or whether they represent the effect of a
changing environment. In our data, the airway epithelial gene expression signature is stable
for one week, confirming technical reproducibility. Our finding of increased airway
remodeling in Th2-high subjects suggests that the phenotype has stability in an individual
long enough to lead to structural changes (53). However, ongoing and future studies will be
necessary to definitively test this hypothesis.

Treatment implications of asthma phenotypes

Clinical, cellular, and molecular phenotypes of asthma have aready given clinicians a
framework to better use available asthmatreatments. In all three, groups with a greater
degree of sputum eosinophilia tend to have improved response to inhaled and systemic
corticosteroid treatment. This finding suggests that eosinophils are playing a causative role,
an ideathat has support from the known pro-apoptotic effect of corticosteroids on
eosinophils (65). Eosinophilia has also guided the use of a novel, targeted asthma treatment
—mepolizumab, a humanized monoclonal blocking antibody against I1L-5, akey mediator in
the differentiation, recruitment, and activation of eosinophils (66). Measurementsin
bronchial biopsy specimens and serum from subjects with asthma have shown increased
levels of 1L-5 (14), and increased serum IL-5 has been associated with afall in FEV, during
the late asthmatic reaction (67). Early studies with mepolizumab were unfavorable. When
infusion of a single dose was used in a double-blind randomized placebo-controlled trial in
24 mild asthmatics, blood and sputum eosinophils counts were reduced in the mepolizumab-
treated patients following alergen challenge, yet there was no effect on airway hyper-
responsiveness (68). Similarly, when infused monthly for 3 months in over 300 subjects
with persistent asthma symptoms despite inhaled corticosteroid use, there was no change
with mepolizumab treatment in a number of clinical endpointsincluding FEV 1, despite a
decrease in sputum and blood eosinophilia (69). These negative clinical studieswith
mepolizumab led to significant doubt with respect to the role of the eosinophil as an
important cellular mediator in asthma (70). However, the results of clinical studieswith
mepolizumab improved with patient selection based on cellular phenotype of disease.
Specifically, two trials demonstrated benefits of mepolizumab in patients with severe asthma
who were selected based on persistent sputum eosinophilia (71, 72). Thefirst of these
studies was a randomized placebo-controlled trial, which found a reduced frequency of
asthma exacerbations when the drug was given to subjects with refractory eosinophilic
asthma, defined by sputum eosinophil percentage > 3% on at least one occasion in the
previous 2 years, despite high-dose corticosteriod treatment (71). The second study was a
randomized trial of mepolizumab in patients with sputum eosinophilia and airway symptoms
despite continued treatment with prednisone. In that study, mepolizumab reduced the
number of blood and sputum eosinophils and allowed prednisone sparing in those patients
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(72). These positive studies highlight the need to classify asthma heterogeneity to identify
sub-populations that can benefit from targeted therapies.

Asthma phenotypes also have implications for future drug development. Neutrophilia has
been seen most often in subjects with severe asthma, who are also likely to be on high doses
of corticosteroids. This observation may be aresult of the anti-apoptotic effect
corticosteroids have on neutrophils (73) and may pave the development of neutrophil-
targeted therapies for patients with symptoms despite treatment with high doses of inhaled
or systemic corticosteroids.

Our discovery of Th2-high and low asthma phenotypes has the potential to inform the study
and use of emerging therapies targeting Th2-mediated inflammation. Because effector
cytokines of Th2-mediated inflammation such as1L-13, IL-4, and IL-5 have been assumed
to play arole in the mgjority of alergic asthma, emerging therapies have targeted each of
these cytokines using novel biologics (71, 72, 74, 75). However, as described above, we
found that nearly half of our subjects had markedly low expression of IL-13 induced genes
in epithelial brushing samples, and low transcript levels of IL-13 and IL-5 in bronchial
biopsy specimens (53). The benefits of targeting anti-1L-13 therapy to the Th2-high group
needs to be urgently studied given that there was minimal benefit in lung function in arecent
clinical trial of IL-13 blocking antibody in mild, atopic asthmatics (75). Oneissue of central
importance is whether improved strategies for patient selection will improve the outcomes
of these trials (as was observed with mepolizumab). Another pressing question is whether
the pharmacologic intervention should target IL-5 in addition to IL-4 and/or IL-13. In
support of this notion, (i) we observed over-expression of both /L-13and /L-5in bronchial
biopsies from Th2-high asthmatics, and (ii) I1L-13 blockade alone was not associated with a
reduction in sputum eosinophilsin arecent clinical trial (75).

Other important issues include the identification of the role of other asthmatherapies visa
visthese molecular phenotypes. For example, leukotriene antagonists are another popular
option for the treatment of asthma, especially given that they can be orally administered.
Whether their effects are similar across molecular sub-phenotypes of asthmais not known.
However, since 15-lipoxygenase overexpression in aveolar macrophagesis clearly confined
to the Th2-high phenotype of asthma (53, 76), it is possible that sub-phenotype differences
in leukotriene antagonist response will be observed in future studies. Furthermore, emerging
strategies for the treatment of asthmainclude the development of inhibitors of prostaglandin
D2 and its receptor (77-80). Whether patient selection for therapies targeting eicosanoids
should be based on molecular phenotypes will be important in the clinical evaluation of
these agents and requires further study aswell.

Biomarkers of airway inflammation in asthma

The characterization of asthma phenotypes and the recognition that these phenotypes are
associated with significant variability in responses to established and emerging therapies has
fueled the search for biomarkers. Biomarkers have the potential to inform clinical trial
investigators as to which subjects respond to therapies under study and why. Asin many
other areas of medicine, traditional clinica trials in asthma have made conclusions about the
efficacy of drugs under study based on the average response compared to placebo or a
standard treatment. The problem with this approach is that the presence of adifferencein
average response can be driven by afew outliers, leading to acceptance of a new treatment
that only helps a subgroup. Conversely, the lack of a difference in average response can lead
to rgjection of anew treatment even though it may be beneficial for a subgroup. More
widespread measurement, prospective validation and availability of biomarkers that are
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associated with treatment response in clinical trials could improve our ability to evaluate
new treatments, and make them available to patients who will benefit the most.

Biomarkers can also provide guidance to treating physicians on when to escalate or de-
escalate treatment. The practical utility of biomarkers such as exhaled nitric oxide (eNO)
and induced sputum eosinophil counts have been studied in clinical trials, and blood
eosinophilia and total serum IgE are likely being used less formally in the clinic to guide
disease management. Ideal biomarkers would be easy to measure, inexpensive, and
informative.

Induced sputum eosinophilia as a biomarker

Airway inflammation is generally thought to cause, and therefore precede, the devel opment
of symptoms and changesin lung function in asthma. Knowledge of the state of airway
inflammation would allow for the adjustment of anti-inflammatory medication such as
inhaled corticosteroids, with the possibility of preventing exacerbations. This approach
would have an advantage over atering asthma treatments based on patient-reported
symptoms or measurements of peak expiratory flow in the clinic, as these occur relatively
later than the onset of inflammation. Inflammatory cells and soluble mediators in the airway
lumen are readily accessed through the non-invasive technique of sputum induction,
whereby after inhalation of a hypertonic or isotonic saline solution, expectorated sputum is
collected (81, 82). Induced sputum neutrophil and eosinophil counts accurately reflect the
corresponding values obtained during washes of the airway lumen through the more direct
but invasive bronchoscopic technique (82, 83).

Eosinophilic inflammation is an abnormal finding present in alarge fraction of asthmatic
airway samples and in some cases has been shown to precede exacerbations by several
weeks (84, 85). Dissociation between airway inflammation and airway hyper-responsiveness
provides further rationale for the hypothesis that following airway inflammation can provide
unique information not found from assessments of symptoms and lung function (86, 87).
Three randomized controlled trials have studied the utility of following induced sputum
eosinophil countsin moderate-to-severe asthmatics to tailor the dose of inhaled
corticosteroids. All three trials found a reduction in the frequency and severity of asthma
exacerbations when the inhaled corticosteroid dose was adjusted based on induced sputum
eosinophil counts obtained at intervals of 1-3 months, compared to the standard-of-care
method of dose adjustment by symptoms, lung function, or rescue medication use (88-90).
The threshold of eosinophiliafor dose adjustment ranged from 2-3%. However, despite this
improvement in exacerbations, which were defined by an increase in symptoms or need for
oral corticosteroids, there was no significant change in lung function assessed by peak
expiratory flow or spirometry. Consistent with this discordant result was the lack of the
ability of baseline induced sputum eosinophiliato predict improvement in FEV 1 in response
to inhaled corticosteroids in the randomized trial ‘ Predicting Response to Inhaled
Corticosteroid Efficacy (PRICE)’, which was performed by the NHLBI Asthma Clinical
Research Network (24). These findings suggest a disconnect between symptoms and lung
function in terms of their responses to increased doses of inhaled corticosteroids, which is
difficult to explain given the known efficacy of steroidsin improving lung function, and
requires further investigation.

Exhaled nitric oxide as a biomarker

Despite potential utility as a biomarker, the induced sputum eosinophil count measurements
have not been widely adopted in clinical care settings in the United States. The fraction of
nitric oxide in exhaled breath (FENO) has been proposed as an aternative non-invasive
biomarker to follow airway inflammation that requires less expertise than sputum
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eosinophiliato measure accurately. FeNO is a highly reproducible measurement that is
relatively easy to perform for both patients and providers (91). Nitric oxide is constitutively
produced by avariety of cell types by the action of nitric oxide synthase (NOS) on L-
arginine; for example, eNOS in endothelia cells and nNOS in neuronal cells. In the setting
of cytokine-driven airway inflammation, many cells such as eosinophils and epithelial cells
can increase NO production in part through increased transcription of inducible NOS
(iINOS). FeNO levels are increased in asthmatics (92, 93), and higher levels of FeENO have
been associated with eosinophilic airway inflammation (94-96).

Despite the strong rationale for the use of FENO as an asthma biomarker, the results of
clinical trials which apply FeNO to guide treatment have been mixed. A randomized trial of
118 subjects with a primary care diagnosis of asthmadid not show a differencein
exacerbation frequency or total inhaled corticosteroids used over a 1 year period when
comparing an asthma treatment strategy based on measurement of FeNO versus following
standard guidelines (97). Two other studies also showed no change in exacerbation
frequency, although in one inhaled corticosteroid dose was reduced significantly (98), and in
the other bronchial hyper-responsivenessimproved in children (99). Possible reasons for the
poor performance of FeNO include high sensitivity but poor specificity for eosinophilic
inflammation based on the cut-off selected in specific studies (97), the existence of non-
eosinophilic asthma, and confounding by comorbidities that influence FeNO such as nasal
polyps (100).

The Th2-high signature as a biomarker

The association between the Th2-high molecular asthma phenotype and a favorable response
to inhaled corticosteroids suggests a potential role for this signature as a biomarker to guide
the decision to start, continue, or change the dose of inhaled corticosteroids. The likely
pathophysiologic connection between the Th2-high phenotype and Th2 cytokines such as
IL-13, IL-4, and IL-5 indicates that such a biomarker would also aid in the devel opment and
clinical testing of cytokine-targeted therapies. We identified this phenotype by comparing
genome-wide expression profiling of epithelial brushing samples from asthmatics to those
obtained from healthy controls. Th2-low asthmatics have expression levels of three Th2-
cytokine-induced genes, CL CA 1, periostin, and serpinB2, that overlap with expression
levelsin healthy controls, and Th2-high asthmatics have higher expression (53). By this
definition, assigning Th2-high or -low status to an unknown sample would require
comparison to a set of known asthmatics and healthy controls. The current monetary cost,
human resources, and invasiveness involved with obtaining a bronchoscopic sample and
analyzing multiple expression arrays to type one unknown are prohibitive. Fortunately,
given that the phenotype can be characterized using the airway epithelial expression of just
three genes, CL CA1, periostin, and serpinB2, alower-cogt, faster, and less variable PCR-
based assay can be designed. We have found that when the distribution of airway epithelial
brush expression in healthy controls is obtained from a simple arithmetic mean of the
guantitative RT-PCR copy numbers of these three genes, a three-gene-mean value greater
than 2 standard deviations above the mean of this distribution identifies a distinct Th2-high
group. Th2-high or -low status can be reproducibly determined for an unknown sample by
comparing a qPCR-based three-gene-mean (of CL CA1, periostin, and serpinB2) to a
previously run reference distribution of healthy controls using a recently described method
for inter-run gPCR calibration (101). Further studies are required to validate the use of this
epithelial signature as a‘gold-standard’ biomarker in research protocols that employ
bronchoscopy.

While airway epithelial gene expression may be a valuable biomarker of Th2-driven
inflammation in clinical trials, invasive bronchoscopic specimens would not be available in
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clinical practice. High-throughput techniques have provided an extremely valuable, publicly
available knowledge base of over athousand proteins detectable in human serum (102, 103).
Thisinformation should allow screening of gene expression markersidentified using
genomic approaches that have serum or plasma protein counterparts. Clinical labs are well
equipped to use immunoassays to make inexpensive, fast, and accurate measurements of
serum and plasma proteins.

Published studies a so support the idea that organ inflammeation is reflected in gene
expression changes in peripheral blood mononuclear cells (PBMCs) and whole blood cell
populations. Kidney and heart transplant patients have altered expression of many genes
during organ rejection (104, 105). Whole blood gene expression signatures have also been
studied as biomarkers in autoimmune disease and in tuberculosis (106-109). In the lung,
whole genome expression profiling of cultured blood neutrophils showed 317 differentially
expressed genes between asthmatic patients with and without sputum eosinophilia (110).
Further evidence that human asthma s a systemic disease comes from a comparison of gene
expression from purified peripheral blood CD4* T cells, which showed a number of
differentially regulated genesincluding 7GF~g (111). Finally, Hankonarson ef &. (112) were
able to discriminate between corticosteroid responders and non-responders through genes
that were differentially induced or downregulated in PBMCs stimulated with IL-1p/TNF-c.

Success in using PBMCs or whole blood gene expression profiles for phenotyping in other
diseases provides a strong rationale for investigating the utility of this approach in making a
clinically relevant biomarker of Th2 inflammation in asthma. PCR and array-based
technologies yield rapid measurements of multiple genesin PBMCs, making possible the
use of multivariate approaches that consider quantitative interactions between genes. These
approaches, also known as machine learning algorithms, leverage information from multiple
genes, an approach shown to have the power to discriminate between disease phenotypesin
cancer (113), and that has even led to the devel opment of gene expression-based tests that
are FDA-approved for clinical use (105, 114-116).

Beyond Th2-driven asthma phenotypes

Whether non-Th2 pathways of inflammation underlie Th2-low phenotypes of human asthma
isasyet unknown and requires further investigation. The predominant view on the role of
the classic Th1-Th2 dichotomy has been that the higher the ratio of Th2 to Thl cytokines,
the more likely the development of asthma (117). This prevailing paradigm of the Th2 to
Th1 balance, however, has met with some conflicting evidence from mouse models of
asthma. The adoptive transfer of antigen-specific Thl cells into ovalbumin-challenged mice
led to the development of airway hyper-responsiveness and airway inflammation that was
independent of 1L-13 and IL-4 in one study (118) and dependent on IL-13 and IL-18 in
another (119). Interestingly, adoptive transfer of antigen-specific Thl cellsinto antigen-
challenged mice led to the development of IFN-y-dependent airway hyper-responsiveness
that failed to improve with dexamethasone treatment (120), suggesting arole for Thl-
dependent inflammation in corticosteroid resistance.

Recently, Th17 cells were added as a third distinct T-hel per cell subset, and the presence of
inflammation driven by these cells may underlie aclinically relevant disease phenotypes.
Th17 cells are characterized by the secretion of IL-17A, IL-17F, IL-21, and IL-22, but not
IFN-y or IL-4 (121, 122). The differentiation of naive human T cellsinto the Th17 class can
be induced by TGF-f and IL-6, requires IL-23 for maintenance of the phenotype, and is
independent of lineage specific transcription factors T-bet (for Thl) and GATA-3 and c-Maf
(for Th2) (123). Most parenchymal cells, including airway epithelial cells, express receptors
for Th17 cytokinesincluding IL-17A and IL-17F, and signaling through these receptors
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leads to the production of pro-inflammatory factors such asIL-6, IL-1, TNF-a, and IL-8
(CXCLS, aneutrophil chemoattractant).

Studies in the literature support arole for IL-17 in human asthma. Bronchoalveolar lavage
samples from patients with asthma have increased numbers of IL-17A-producing cells
compared to healthy controls (124), and similar findings in induced sputum also point to a
positive correlation with the severity of airway hyper-responsiveness (125-127).
Furthermore, evidence of Th17 activity through identification of specific Th17 cellsand
IL-17A/F has also been found in human airway tissue (128-130) and peripheral blood with a
positive correlation with asthma severity (131, 132). IL-17A stimulation of epithelial cells /in
vitroleads to the production of the secreted mucins MUC5AC and MUCS5B, which
contribute to the asthma phenotype (133, 134). The role of Th17 cytokines in neutrophil
recruitment is unclear. Although IL-8, a potent neutrophil chemoattractant induced by IL-17,
has been associated with neutrophil influx in Th17 mouse models of asthma, human studies
are conflicting depending on the lung compartment studied. There is one report of a
correlation between I1L-17 and neutrophils in induced sputum (125), another with a weak
correlation in sputum, but no association with neutrophils found in the bronchial submucosa
across arange of asthma severity (130). Unresolved questions in human asthma include
whether this pathway contributes to corticosteroid resistance as was found in a mouse model
of Th17-mediated allergic airway inflammation and airway hyper-responsiveness (135), and
whether Th17 cells mediate Th2 independent neutrophilic inflammation as shown in IL-17F
transgenic and knockout mice (136). Th17-mediated inflammation may also co-exist with
the Th2-high phenotype and augment Th2 responses (136, 137). If thereis evidence for Thl
or Th17-mediated inflammation in a subgroup of asthmatics, biomarkers and targeted
therapeutics can be devel oped.

Alternatively, isit possible that airway inflammation does not play adominant role in the
clinical manifestations of a subset of patients with Th2-low asthma? Airway hyper-
responsiveness, an excessive airway narrowing in response to avariety of stimuli, isa
cardinal feature of asthma, and is the result of an abnormal airway smooth muscle response
to mediators of contraction such as histamine and acetylcholine. Although a pro-
inflammatory cytokine milieu and infiltration of smooth muscle with inflammatory cellsis
likely amajor influence on abnormal airway smooth muscle contraction, intrinsic
abnormalitiesin the signal transduction or contractile functions of smooth muscle cellsin
human asthma are largely unstudied. The possibility of alarger degree of airway smooth
muscle hyperplasia or hypertrophy also needs investigation as a mechanism in Th2-low
asthma.

Conclusion

A large body of evidence supports the hypothesis that Th2 cytokines orchestrate the airway
inflammation associated with allergic asthma, and we are collectively poised to specificaly
target these pathways in human disease with emerging cytokine based therapies. Effective
application of these new therapies, however, will depend on the development of biomarkers
of molecular heterogeneity in asthma. Biomarkers for patient selection will be important in
clinical trials (to maximize the chances of success) and in implementation in the clinic
(where there will be pressure from payersto target these relatively expensive biologicsto
the patients who will truly benefit rather than simply add them on to existing regimensin
patients with refractory disease). It is aso possible that other cytokine pathways underlie
airway inflammation in Th2-low asthma, and genomic/molecular approaches may elucidate
the contribution of the pathways in specific subsets of patients with asthma. Other patients
with Th2-low asthma may have the disease on the basis of non-inflammatory factors such as
intrinsic abnormalities of airway smooth muscle contractility or remodeling. Distinguishing
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these other pathways which may contribute to asthmawill be an important goal of future
research using both mouse models (9) and human studies.
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Fig. 1. Expression levels of three IL-13 induced genesin the airway define two subgroups of

asthmatics

(A) Heatmap depicting unsupervised hierarchical clustering (Euclidean complete) of

POSTN, CL CA1, and SERPINBZ2 expression levelsin bronchial epithelial brushings across
42 subjects with asthma (denoted by ‘A’) and 28 healthy controls (‘H’). (B) Mean (+ SEM)

expression levels of IL-4, IL-5, and IL-13 in bronchial biopsy homogenates obtained

contemporaneously with bronchial brushings from a subset of subjects depicted in Figure

1A (cluster 1: 18 ‘Th2-high' asthmatics, red bars; cluster 2: 14 healthy controls, grey bars,
and 16 ‘Th2-low’ asthmatics, blue bars). Two-way correlations across al subjects between
IL-4, IL-5, and IL-13 indicated at right (Spearman’srank correlation).
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Fig. 2. Responsiveness of ‘ Th2-high’ asthmato inhaled steroidsin arandomized placebo-
controlled trial

FEV 1 measured at baseline (week 0), after 4 and 8 weeks on daily fluticasone (500.g BID),
and one week after the cessation of fluticasone (week 9). N=6 Th2-low on fluticasone (blue
line), 10 Th2-high on fluticasone (red) and 11 on placebo (black). * denotes p<0.05 for
comparison with placebo.
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