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Purpose of review

Severe asthma is a heterogeneous syndrome that can be classified info distinct phenotypes and endotypes.
In the type 2 (T2)-high endotype, multiple cytokines are produced that lead to eosinophilic inflammation.
These cytokines and their receptors are targets for biologic therapies in patients with severe asthma who do
not respond well to standard therapy with inhaled corticosteroids.

Recent findings

In the last decade, an increasing number of biologic therapies have been developed targeting T2
inflammation. Clinical trials of therapies targeting immunoglobulin E as well as the T2 cytokines interleukin
(IL)-4, IL-5, and IL-13 have demonstrated that these treatments improve asthma-related clinical outcomes
and/or have steroid-sparing properties. The use of biomarkers of T2 inflammation can help to identify the
subset of patients in whom these therapies may be most efficacious. Multiple biologic agents that are
directed at other targets are currently in development, including thymic stromal lymphopoietin (TSLP),
prostaglandin (PG)D2 receptor, IL-25, and IL-33.

Summary

Biologics are emerging as a key component of severe asthma management. In patients with T2-high severe
asthma, the addition of treatments targeting immunoglobulin E and IL-5 to standard therapy may lead to
improvement in clinical outcomes. Other biologic therapies have shown promising preliminary results and
need fo be studied in further clinical trials. These biologic therapies in conjunction with biomarkers will lead

to tailored therapy for asthma.
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INTRODUCTION

Although severe asthma accounts for less than 10% of
all asthma, patients with severe disease have signifi-
cant morbidity and disproportionate healthcare util-
ization [1]. The American Thoracic Society (ATS)/
European Respiratory Society (ERS) guidelines define
severe asthma as asthma requiring treatment with
high-dose inhaled corticosteroids (ICSs) and a second
controller in order to maintain control or which
remains uncontrolled despite these therapies [2].
Severe asthma is a heterogeneous disease with clinical,
physiological, and biological variability among
patients. Classification of asthma into distinct clinical
phenotypes and molecular endotypes has led to the
development of targeted treatment modalities.

ASTHMA ENDOTYPES

Asthma has most recently been characterized into
type 2 (T2)-high asthma and non-T2/T2-low asthma
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based on the type of underlying airway inflam-
mation [3]. In T2-high asthma, inhaled allergens
activate antigen-presenting cells in the airway, lead-
ing to the release of interleukin (IL)-4 and OX40
ligand. These, in turn, promote differentiation of T
lymphocytes into T-helper 2 (Ty2) cells, which then
produce cytokines such as IL-4, IL-5, and IL-13 (see
Fig. 1) [4-7].
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KEY POINTS

e Severe asthma is a heterogeneous syndrome that can
be classified into distinct phenotypes and endotypes;
T2-high is currently the only well-defined
asthma endotype.

Biologics provide the opportunity to target certain
molecular pathways of asthma, facilitating a more
precise approach to this disease.

The majority of biologics currently available for clinical
use and in development target T2-high asthma.

Biologics targeting IgE and IL-5 are currently approved
for clinical use in many countries.

Emerging data regarding biologics currently in
development are forthcoming.

e T2 low/non-T2 asthma still represents an unmet need.

Tu2 cells also stimulate immunoglobulin E (IgE)
isotype switching in B cells [4]. IgE bound to mast
cells and basophils subsequently binds antigen and
leads to the release of histamines, leukotrienes, and
cytokines [8]. Recent studies have also highlighted
the role of type 2 innate lymphoid cells (ILC2) in T2-
high asthma. These ILC2 cells stimulate the release
of IL-5 and IL-13 in conjunction with Ty2 cells, but
do so in direct response to activation stimuli and
cytokines such as IL-25, IL-33, and thymic stromal
lymphopoietin (TSLP) [9,10]. In contrast, the mol-
ecular pathways of non-T2/T2-low asthma, which
accounts for 40-50% of severe asthma, have not
been well established but may be propagated by cells
such as T-helper 17 (Ty17) cells and neutrophils [3].
The majority of biologic agents currently in develop-
ment target T2-high asthma. This review will focus
on biologics targeting T2-high asthma.

THERAPEUTIC TARGETS
IgE

Omalizumab is a recombinant humanized mono-
clonal antibody that binds free IgE, forming
omalizumab-IgE complexes that block the
interaction between IgE and high-affinity recep-
tors on mast cells, basophils, and dendritic
cells (see Table 1) [11-24,25""26"%,27,28"" 29",
30-32,33"",34,35%,36,37"]. Omalizumab also down-
regulates the expression of high-affinity IgE receptors
on these cells [38]. Omalizumab also downregulates
the expression of high-affinity IgE receptors on
these cells [38]. Omalizumab has been approved as
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add-on therapy to patients with moderate-to-severe
allergic asthma whose symptoms are inadequately
controlled with ICS. It is administered by subcu-
taneous injection, and dosing is based on pretreat-
ment serum total IgE level and body weight.

Omalizumab has been studied in randomized
controlled trials in adolescents and adults (>12
years) [11-18] and children (<12 years) [39,40] with
moderate-to-severe asthma. A recent Cochrane meta-
analysis found that in patients with moderate or
severe persistent asthma receiving background ICS,
omalizumab treatment significantly decreased
exacerbations and hospitalizations compared with
placebo [41]. In studies that also included a steroid
reduction phase, patients receiving omalizumab
had a significantly greater reduction in ICS dose
and greater likelihood of withdrawing ICS com-
pletely [12,15,39]. However, there was no difference
in the likelihood of being able to withdraw com-
pletely from oral steroid therapy between patients
treated with omalizumab versus placebo [13]. In
some studies, omalizumab improved asthma symp-
toms [12-15] and health-related quality of life
[13,14]. Findings from several ‘real world’ studies,
which followed patients in clinical practice receiv-
ing omalizumab, support the results of the efficacy
studies, demonstrating that omalizumab was associ-
ated with decrease in exacerbations [42,43], hospi-
talizations or emergency visits [44], and ICS use [43],
and improved quality of life [42] compared with
baseline. A study of children and adolescents aged
6-17 years with one or more recent exacerbations
compared the effect of omalizumab versus placebo
and omalizumab versus increased ICS on fall exacer-
bation rates [45]. When compared with placebo,
omalizumab treatment decreased exacerbation
(defined as worsening of asthma control requiring
systemic corticosteroids or hospitalization) rates,
but when compared with increased ICS, omalizu-
mab treatment only decreased exacerbation rates
in the subgroup of patients with an exacerbation
during the run-in phase.

As shown from combined data from more than
7000 asthma patients, omalizumab has a favorable
safety and tolerability profile [46]. Hypersensitivity
reactions occurred rarely with omalizumab treat-
ment in clinical trials. Anaphylaxis occurred in
0.14% of omalizumab-treated patients and in
0.07% of controls. Analysis of postmarketing safety
data determined that 124 cases of anaphylaxis were
reported among an estimated 57300 patients
exposed to omalizumab [47]. Pooled data from
phase I, II, and III studies demonstrated a difference
in the incidence of malignancy between patients
receiving omalizumab (0.5%) and those receiving
placebo (0.18%) [46]. However, in a prospective
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FIGURE 1. Targets of type 2 inflammation and biologic therapies: after differentiation of naive T lymphocytes into T-helper
type 2 cells (Ty2-cells) in response to antigen stimulation, T2 cells secrete IL-4, IL-5, and IL-13 [4,5]. The epithelial-derived
cytokines IL-25, I1-33, and TSLP can stimulate I1L-4, IL-5, and IL-13 secretion from ILC2 cells in the absence of T effector cells [6].
AMG-157 is a monoclonal antibody that binds TSLP and prevents interaction with its receptor. IL-4 stimulates isotype class
switching of B cells, leading to the production of IgE. Omalizumab is an antibody against IgE. IL-5 promotes the maturation of
eosinophils and their release from the bone marrow. Mepolizumab and reslizumab are monoclonal antibodies against IL-5,
and benralizumab binds IL-5 receptor « leading to cell-mediated cytotoxicity. IL-13 secretion leads to mucus hypersecretion
and production of inducible nitric oxide and periostin in airway epithelial cells. Lebrikizumab and tralokinumab are
monoclonal antibodies targeting IL-13. Dupilumab is a monoclonal antibody to the « subunit of the IL-4 receptor that inhibits
both ILl-4 and IL-13 signaling. Prostaglandin D2 is released mainly from mast cells in response to allergen. The prostaglandin
D2 receptor, also known as CRTH2, is expressed on Tyy2 lymphocytes and mediates T2 cell migration and production of
effector cytokines [7]. Fevipiprant, setipiprant, and OC000459 are antagonists of CRTH2. APC, antigen-presenting cell;
CRTH2, chemoattractant receptor-homologous molecule expressed on T2 cells; FeNO, fractional excretion of nitric oxide;
IgE, immunoglobulin E; IL, interleukin; ILC2, type-2 innate lymphoid cells; iNOS, inducible nitric oxide synthase; T2, T-helper
type 2; TSLP, thymic stromal lymphopoietin.
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study of patients with a median of 5-year follow-up,  response to treatment cannot be assessed by

malignancy rates were similar for patients who
received omalizumab and those who never received
omalizumab [48].

Not all patients with inadequately controlled
asthma respond to omalizumab treatment.
Although there is a decrease in serum free IgE
following treatment with omalizumab, omalizu-
mab forms a complex with previously unbound
IgE, leading to an increase in total IgE. Therefore,
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measurement of total IgE [49]. In a pooled analysis
of two randomized controlled trials, Bousquet et al.
[50] demonstrated that difficult-to-treat asthma
patients, defined as those receiving higher ICS
doses, patients with poor lung function, and
patients with a history of emergency asthma treat-
ment, had the greatest benefit from omalizumab.
In another study of seven pooled randomized con-
trolled trials, the physician’s overall assessment of
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Table 1. Targets and efficacy of biologic therapies for asthma

Target patient

Biomarkers identifying

Target Drugs Route population Clinical outcomes responders
IgE Omalizumab [11-18] SC Allergic asthma | Exacerbations FeNO
| Hospitalizations Blood eosinophils
| ICS use Periostin
IL-5 Mepolizumab [19-23] SC, IV Eosinophilic asthma | Exacerbations Blood eosinophils
| Glucocorticoid use
Reslizumab [24,25%",26""] v Eosinophilic asthma | Exacerbations
1 FEV,
IL5Ra Benralizumab [27,28"",29""] SC Eosinophilic asthma | Exacerbations
1 FEV,
IL-13 Lebrikizumab [30-32,33""] SC T2-high asthma 1 FEV; Periostin
| Exacerbations FeNO
Blood eosinophils
Tralokinumab [34,35"] SC T2-high asthma T FEV, DPP-4
Il-4Rax Dupilumab [36,37"] SC Eosinophilic asthma | Exacerbations Blood eosinophils
(IL-4 and IL-13)

DPP-4, dipeptidyl peptidase-4; FeNO, fractional exhaled nitric oxide; FEV;, forced exhaled volume in 1 s; Ig, immunoglobulin; IL, interleukin; IL-4Ra, « subunit of
the IL-4 receptor; IL5Ra, IL-5 receptor «; IV, intravenous; SC, subcutaneous; T2, type 2.

asthma control (graded as a five-level evaluation
where responders were defined as having marked
improvement in control or complete control) was
the most meaningful measure of treatment
response, which included a marked decrease in
exacerbation rates [51]. Biomarkers of T2-high
inflammation may also identify patients who
respond to omalizumab. Patients with high base-
line concentrations of fractional exhaled nitric
oxide (FeNO), blood eosinophils, and serum peri-
ostin have greater benefit from omalizumab treat-
ment [52].

The optimal duration of treatment with omali-
zumab is unclear. In one study, only 38% of patients
responded to therapy (defined as reduced symp-
toms, reduced usage of rescue medication, improved
lung function, or improved quality of life) after
4 weeks, but responders increased to 64% at week
16 [50]. On the basis of these data, a minimum of
12 weeks of treatment was suggested. In a small
study of 18 patients who received omalizumab for
6 years, patients had clinically stable asthma in the
3 years following withdrawal with no significant
change in lung function [53]. In another study,
patients who had received long-term omalizumab
therapy (>S5 years) were randomized to continu-
ation of omalizumab or switch to placebo for 1 year.
Although significantly more patients in the omali-
zumab continuation group had persistency of pre-
vention of exacerbation, a substantial number of
patients in the placebo group (47.7%) continued to
be exacerbation free as well [54].
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The severe asthma (ATS/ERS) guidelines suggest
a therapeutic trial of omalizumab both in adults
and children with severe allergic asthma. The
guidelines also suggest that if patients do not
respond within 4 months of initiation of therapy,
further administration of omalizumab is unlikely
to be beneficial [2].

Interleukin-5

IL-5 plays a key role in production, maturation,
recruitment, survival, and activation of eosinophils
[6,55]. In mice, administration of anti-IL-5 antibody
blocks the development of eosinophilia, and trans-
genic mice expressing IL-5 show long-lasting eosi-
nophilia [56]. Thus, IL-5 is an important therapeutic
target in asthma and blocking IL-5 could decrease
tissue eosinophilia and subsequently improve
asthma control. Three drugs targeting IL-S have
been studied in asthma. Mepolizumab and reslizu-
mab are humanized monoclonal antibodies against
IL-5 that have recently been approved for use in
several countries worldwide. Benralizumab is a
humanized monoclonal antibody that targets the
interleukin S receptor a (IL5Ra) on eosinophils and
basophils, leading to eosinophil and basophil
depletion through antibody-dependent cell-mediated
cytotoxicity.

Initial studies of intravenous mepolizumab in
unselected patients with allergic asthma demon-
strated a reduction in blood and sputum eosinophils
without effect on allergen-induced airway late phase
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response and associated airway hyperresponsiveness
[57,58]. However, in a small study of patients with
sputum eosinophilia, patients treated with mepoli-
zumab subcutaneously had a greater reduction in
oral steroid dose compared with placebo [19]. This
finding was confirmed in a larger study of patients
with eosinophilic asthma, in which intravenous
mepolizumab treatment had a significant glucocor-
ticoid-sparing effect compared with placebo as well
as a reduction in exacerbation rate [20]. Other large,
randomized controlled studies of over 500 patients
each (DREAM and MENSA) have similarly shown
improvement in exacerbation rates in patients with
severe eosinophilic asthma receiving mepolizumab
either intravenously or subcutaneously [21,22].
However, treatment with mepolizumab has no con-
sistent effects on asthma symptoms, quality of life,
forced exhaled volume in 1 s (FEV,), or airway
hyperreactivity [19-23]. These findings suggest that
in these patients, asthma exacerbations but not day-
to-day symptoms may be driven by eosinophilic
inflammation, although in patients with asthma
in general, not all exacerbations are eosinophilic
[59]. Furthermore, mepolizumab administered both
intravenously and subcutaneously appears to reduce
exacerbations specifically in the subgroup of
patients with persistent eosinophilia despite oral
corticosteroid usage.

In the DREAM study, Pavord et al. [21] used
exploratory modeling of baseline characteristics
and determined that response to intravenous mepo-
lizumab varied based on blood eosinophil count of
at least 150cells/pnl and number of prior exacer-
bations. Sputum eosinophilia (>3%) did not corre-
late with clinical response. Despite fluctuations in
eosinophil counts, subsequent analysis of patients
randomized to placebo demonstrated that a single
measurement of 150 cells/pl or greater was predic-
tive of average subsequent eosinophil measure-
ments in 85% of patients [60]. However, the
optimal cutoff of blood eosinophil count that pre-
dicts clinical response to mepolizumab has yet to
be determined. Using supervised cluster analysis
on data from the DREAM study, Ortega et al. [61]
found four primary clusters with differing clinical
responses to intravenous mepolizumab. Patients
with a relatively low level of blood eosinophils
had the least response to mepolizumab, whereas
patients with higher airway reversibility, obesity,
and more comorbid conditions showed the greatest
response.

Reslizumab neutralizes circulating IL-5 and
prevents the binding of IL-5 to eosinophils. This
biologic is administered intravenously every 4
weeks. In a study of patients with asthma and
sputum eosinophils, patients treated with
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reslizumab had a greater reduction in sputum
eosinophils and improvement in FEV; compared
with placebo [24]. Improvement in asthma symp-
toms was seen in patients with nasal polyposis. In
a phase III study of patients with inadequately
controlled asthma and elevated blood eosinophils
of at least 400 cells/pl, treatment with reslizumab
led to improvement in FEV,, asthma control and
symptoms, and quality of life [26"]. A larger
randomized controlled trial of patients with
asthma inadequately controlled with medium-to-
high doses of ICS and elevated blood eosinophils
of at least 400 cells/nl demonstrated a significant
reduction in exacerbations as well as improvement
in FEV,; with reslizumab treatment [25"%]. A sub-
cutaneous formulation of this biologic is currently
in development.

Treatment with benralizumab also leads to the
depletion of sputum and blood eosinophils [62]. In
a phase IIb study, benralizumab reduced exacer-
bations at both 20 and 100 mg subcutaneous doses
in patients with a blood eosinophil count of at least
300 cells/pl [27]. Recently, two large randomized
controlled phase III trials of benralizumab in
patients with severe asthma and elevated blood
eosinophils were published [28"",29"], each with
over 1000 patients enrolled. Both studies demon-
strated that benralizumab decreased the annual rate
of exacerbation as well as lung function compared
with placebo when administered either every 4
weeks or every 8 weeks in patients with severe
eosinophilic asthma inadequately controlled with
high-dose ICS and long-acting 8 agonist (LABA).
Compared with placebo, benralizumab improved
asthma symptom scores when given every 8 weeks.

Interleukin-4/interleukin-13

IL-4 and IL-13 are T2 cytokines implicated in the
pathogenesis of asthma. They share structural
similarities as well as a shared functional receptor
complex (IL-4Ra/IL-13Ral) [63]. IL-4 is a key to
the differentiation of CD4" lymphocytes and the
production of IgE. IL-13 is involved in airway hyper-
responsiveness, mucus production, and subepithe-
lial fibrosis [64]. Treatments to reduce IL-4 activity
include anti-IL-4 antibody, soluble IL-4 receptor, IL-
4 transcription inhibitors, and combined IL-4/IL-13
receptor antagonists.

Lebrikizumab is a humanized monoclonal anti-
body targeting IL-13 that inhibits its function [65].
In a randomized, phase II trial of adults with inad-
equately controlled asthma despite ICS use, treat-
ment with lebrikizumab produced a significant
increase in FEV; compared with placebo treatment
[30]. Periostin is an extracellular protein that is
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secreted by airway epithelial cells in response to
stimulation by IL-4 and IL-13 and is a biomarker
of T2 inflammation [66]. Patients with high serum
periostin receiving lebrikizumab had a greater
improvement in FEV; than patients with low serum
periostin. Similarly, a subsequent study found that
lebrikizumab improved FEV; and decreased the rate
of exacerbations in patients with uncontrolled
asthma and high baseline serum periostin levels
[32]. Elevated FeNO levels and blood eosinophil
count were also predictive of response to lebrikizu-
mab. Two recently published replicate phase III
trials (LAVOLTA I and LAVOLTA 1II) of lebrikizumab
tailed to show a consistent reduction in the exacer-
bation rate in biomarker high patients [33™]. The
strongest treatment-by-biomarker interaction was
found for blood eosinophils, but treatment-by-bio-
marker interaction testing failed to show statistical
significance. The reason for the different outcomes
of lebrikizumab in phase III versus phase II studies is
unclear. Nevertheless, other ongoing clinical studies
of lebrikizumab in asthma have been terminated
and reports of the available findings are pending.
Tralokinumab is another injectable humanized
monoclonal 1gG4 monoclonal antibody against IL-
13. In a study of 194 adults with moderate-to-severe
uncontrolled asthma, treatment with tralokinumab
improved FEV; compared with placebo [34]. How-
ever, in a phase IIb study, patients with severe uncon-
trolled asthma and 2-6 exacerbations in the prior
year treated with tralokinumab did not have an
improvement in annual asthma exacerbation rate,
and only patients receiving tralokinumab every
2 weeks had an improvement in FEV; [35%]. The
findings from ongoing phase III studies are awaited.
Dupilumab is a fully human monoclonal anti-
body to the « subunit of the IL-4 receptor that
inhibits both IL-4 and IL-13 signaling. In a phase
[Ia trial, patients with moderate-to-severe asthma
with evidence of blood or sputum eosinophilia were
randomized to receive either dupilumab 300mg
subcutaneously every week for 12 weeks or placebo
[36]. Patients then discontinued maintenance medi-
cations during the study. Dupilumab treatment was
associated with an 87% reduction in asthma exacer-
bations. Treatment with dupilumab also resulted in
significant improvement in FEV; and reduction in
FeNO, but no change in blood eosinophil counts.
Despite these results suggesting that blockade of
both IL-4 and IL-13 may be more beneficial than
blocking either cytokine alone, inducing exacer-
bation by withdrawal of LABA and ICS is not repre-
sentative of ‘real world’ treatment of asthma [67]. In
a recent phase IIb randomized controlled study,
dupilumab improved lung function when compared
with placebo in patients with uncontrolled
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persistent asthma on medium-to-high dose ICS
and LABA [37"]. This improvement was found inde-
pendent of the baseline blood eosinophil count.
Combining these promising data with evidence
from other studies [68,69], dupilumab shows poten-
tial as (add-on) controller therapy for a wider range
of patients with severe uncontrolled asthma as it
may also treat their comorbidities, including
chronic rhinosinusitis with nasal polyps and atopic
dermatitis.

OTHER TARGETS

The prostaglandin D2-prostaglandin D2 receptor
(DP2) pathway plays an important role in mediating
eosinophilic airway inflammation in asthma. DP2
[also known as chemoattractant receptor-homolo-
gous molecule expressed on Ty2 cells (CRTH2)] is
expressed on Ty2 lymphocytes and eosinophils and
mediates T2 cell migration and production of IL-4,
IL-5, and IL-3 as well as eosinophil chemotaxis and
degranulation. DP2 is also present on ILC2 and
epithelial cells. Like with mepolizumab [57], the
first proof-of-concept studies with early CRTH2
antagonists, such as OCO000459 and setipiprant
[70,71], yielded only modest protection against
the allergen-induced airway inflammation (late
phase response and sputum eosinophils) in unse-
lected patients with mild-moderate allergic asthma.
Later studies showed more promising data following
DP2-antagonism in patients with eosinophilic
esophagitis [72] and in eosinophilic (>250 cells/l)
asthma [73]. Fevipiprant is a novel, orally adminis-
tered, potent antagonist of DP2. In a proof-of-con-
cept trial, patients who were being treated with ICS
and had a sputum eosinophil count of at least 2%
were given fevipiprant for 12 weeks and had a
greater decrease in sputum eosinophilia and a
reduction in eosinophilic inflammation in bron-
chial mucosa compared with patients given placebo
[74"]. However, there was no change in peripheral
eosinophil counts. Further studies are needed to
determine the clinical benefits of this class of drugs
in patients with severe asthma.

IL-25, IL-33, and TSLP are epithelial-cell-derived
cytokines that can stimulate IL-4, IL-5, and IL-13
secretion from ILC2 cells and eosinophils without
the presence of T effector cells [6]. Patients with
asthma have increased expression of TSLP in their
airways [75]. AMG 157 is a human monoclonal
antibody that binds TSLP and prevents interaction
with its receptor. In arandomized, controlled trial of
patients with mild allergic asthma, AMG 157 atte-
nuated early and late phase allergen-induced asth-
matic response [76]. Treatment with AMG 157 also
led to decreased sputum eosinophil levels and FeNO.
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Studies targeting IL-25 and IL-33 are in early stages
of development.

FUTURE NEEDS

Asthma is a heterogeneous disease with a large
healthcare burden, especially the more severe dis-
ease. Despite international guidelines and optimal
standard therapy, many patients continue to have
pootly controlled disease. Significant strides have
been made in identifying and defining asthma phe-
notypes and endotypes and validating biomarkers
to predict and monitor response to targeted treat-
ment. These advances have paved the way for the
development of biologics that target specific disease
pathways. For the existing targeted biologics that
are effective in T2-high asthma, more longitudinal
data are needed on optimal duration of therapy,
long-term safety profile, the impact of withdrawal
of drug after achieving disease control, and cost-
benefit analyses. Lastly, more attention is required
to define and target distinct phenotypes and
endotypes for the approximately 50% of asthma
that is not driven by the classic T2 pathway. Such
targets may include cytokines such as IL-17, IL-24,
IL-25, IL-27, and IL-33.

CONCLUSION

Biologics are emerging as a substantial part of severe
asthma management. There are currently three bio-
logics that are approved for the treatment of severe
asthma in the United States and Europe: omalizu-
mab, mepolizumab, and reslizumab. Aside from
these drugs that target IgE and IL-5, respectively,
additional biologics targeting T2 inflammation (i.e.,
IL-4 and/or IL-13) and CRTH2 antagonists are also in
advanced phases of clinical development. These
biologics provide a unique advantage of targeting
molecular pathways of asthma, instead of using a
one size fits all approach to clinical asthma features.
As more data emerge, these biologics in conjunction
with biomarkers may allow for a more personalized
management of asthma in the near future.

Acknowledgements
None.

Financial support and sponsorship
None.

Conflicts of interest

A.D.P. has received compensation for scientific consult-
ing from AstraZeneca. Z.D. is affiliated with a contract
research organization performing early phase clinical
drug development studies for pharmaceutical and biotech

1070-5287 Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.

companies. Z.D. also received payments for lectures and
scientific consulting from Gilead, HAL Allergy, Astra-
Zeneca, and Aerocrine. N.A.H. has received honoraria
for serving on advisory boards or as consultant from
Roche, Novartis, Boehringer Ingelheim, AstraZeneca,
and Mylan. His institution has received research grant
support on his behalf from GSK, Roche, Boehringer
Ingelheim, Chiesi, Mylan, and AstraZeneca.

REFERENCES AND RECOMMENDED
READING

Papers of particular interest, published within the annual period of review, have
been highlighted as:

m  of special interest

mm  of outstanding interest

1. Moore WC, Peters SP. Severe asthma: an overview. J Allergy Clin Immunol
2006; 117:487-494; quiz 495.

2. Chung KF, Wenzel SE, Brozek JL, et al. International ERS/ATS guidelines on
definition, evaluation and treatment of severe asthma. Eur Respir J 2014;
43:343-373.

3. Wenzel SE. Emergence of biomolecular pathways to define novel asthma
phenotypes. Type-2 immunity and beyond. Am J Respir Cell Mol Biol 2016;
55:1-4.

4. Parulekar AD, Diamant Z, Hanania NA. Role of T2 inflammation biomarkers in
severe asthma. Curr Opin Pulm Med 2016; 22:59-68.

5. Fahy JV. Type 2 inflammation in asthma: present in most, absent in many. Nat
Rev Immunol 2015; 15:57-65.

6. Borish L. The immunology of asthma: asthma phenotypes and their implica-
tions for personalized treatment. Ann Allergy Asthma Immunol 2016;
117:108-114.

7. Arima M, Fukuda T. Prostaglandin D2 receptors DP and CRTH2 in the
pathogenesis of asthma. Curr Mol Med 2008; 8:365-375.

8. Levine SJ, Wenzel SE. Narrative review: the role of Th2 immune pathway
modulation in the treatment of severe asthma and its phenotypes. Ann Intern
Med 2010; 152:232-237.

9. Barlow JL, McKenzie AN. Type-2 innate lymphoid cells in human allergic
disease. Curr Opin Allergy Clin Immunol 2014; 14:397-403.

10. Smith SG, Chen R, Kjarsgaard M, et al. Increased numbers of activated group
2 innate lymphoid cells in the airways of patients with severe asthma and
persistent airway eosinophilia. J Allergy Clin Immunol 2016; 137:75-86;e78.

11. Bardelas J, Figliomeni M, Kianifard F, Meng X. A 26-week, randomized,
double-blind, placebo-controlled, multicenter study to evaluate the effect of
omalizumab on asthma control in patients with persistent allergic asthma.
J Asthma 2012; 49:144-152.

12. Busse W, Corren J, Lanier BQ, et al. Omalizumab, anti-IgE recombinant
humanized monoclonal antibody, for the treatment of severe allergic asthma.
J Allergy Clin Immunol 2001; 108:184-190.

13. Holgate ST, Chuchalin AG, Hebert J, et al. Efficacy and safety of a recombi-
nant antimmunoglobulin E antibody (omalizumab) in severe allergic asthma.
Clin Exp Allergy 2004; 34:632-638.

14. Humbert M, Beasley R, Ayres J, et al. Benefits of omalizumab as add-on
therapy in patients with severe persistent asthma who are inadequately
controlled despite best available therapy (GINA 2002 step 4 treatment):
INNOVATE. Allergy 2005; 60:309-316.

15. Soler M, Matz J, Townley R, et al. The anti-IgE antibody omalizumab reduces
exacerbations and steroid requirement in allergic asthmatics. Eur Respir J
2001; 18:254-261.

16. Vignola AM, Humbert M, Bousquet J, et al. Efficacy and tolerability of
antiimmunoglobulin E therapy with omalizumab in patients with concomitant
allergic asthma and persistent allergic rhinitis: SOLAR. Allergy 2004;
59:709-717.

17. Ohta K, Miyamoto T, Amagasaki T, et al. Efficacy and safety of omalizumab in
an Asian population with moderate-to-severe persistent asthma. Respirology
2009; 14:1156-1165.

18. Hanania NA, Alpan O, Hamilos DL, et al. Omalizumab in severe allergic
asthma inadequately controlled with standard therapy: a randomized trial. Ann
Intern Med 2011; 154:573-582.

19. Nair P, Pizzichini MM, Kjarsgaard M, et al. Mepolizumab for prednisone-
dependent asthma with sputum eosinophilia. N Engl J Med 2009; 360:985—
993.

20. Bel EH, Wenzel SE, Thompson PJ, et al. Oral glucocorticoid-sparing effect of
mepolizumab in eosinophilic asthma. N Engl J Med 2014; 371:1189-1197.

21. Pavord ID, Korn S, Howarth P, et al. Mepolizumab for severe eosinophilic
asthma (DREAM): a multicentre, double-blind, placebo-controlled trial. Lancet
2012; 380:651-659.

www.co-pulmonarymedicine.com 9

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.



Asthma

22, Ortega HG, Liu MC, Pavord ID, et al. Mepolizumab treatment in patients with
severe eosinophilic asthma. N Engl J Med 2014; 371:1198-1207.

23. Haldar P, Brightling CE, Hargadon B, et al. Mepolizumab and exacerbations of
refractory eosinophilic asthma. N Engl J Med 2009; 360:973-984.

24, Castro M, Mathur S, Hargreave F, et al. Reslizumab for poorly controlled,
eosinophilic asthma: a randomized, placebo-controlled study. Am J Respir Crit
Care Med 2011; 184:1125-1132.

25. Castro M, Zangrilli J, Wechsler ME, et al. Reslizumab for inadequately

mm controlled asthma with elevated blood eosinophil counts: results from two
multicentre, parallel, double-blind, randomised, placebo-controlled, phase 3
trials. Lancet Respir Med 2015; 3:355-366.

This phase Ill randomized controlled trial of 315 patients with inadequately

controlled asthma and elevated blood eosinophils demonstrated that treatment

with reslizumab led to improvement in FEV, asthma control and symptoms, and
quality of life.

26. BjermerL, Lemiere C, Maspero J, et al. Reslizumab for inadequately controlled

mm asthma with elevated blood eosinophil levels: a randomized phase 3 study.
Chest 2016; 150:789-798.

See Ref. [25""].

27. Castro M, Wenzel SE, Bleecker ER, et al. Benralizumab, an antiinterleukin 5
receptor alpha monoclonal antibody, versus placebo for uncontrolled eosi-
nophilic asthma: a phase 2b randomised dose-ranging study. Lancet Respir
Med 2014; 2:879-890.

28. Bleecker ER, FitzGerald JM, Chanez P, et al., SIROCCO study investigators.

mm Efficacy and safety of benralizumab for patients with severe asthma uncon-
trolled with high-dosage inhaled corticosteroids and long-acting beta2-ago-
nists (SIROCCO): a randomised, multicentre, placebo-controlled phase 3
trial. Lancet 2016. [Epub ahead of print]

This randomized, placebo-controlled phase 3 study of 1205 patients with asthma

with at least two exacerbations in the previous year found that treatment with

benralizumab decreased exacerbation rate and improved FEV; compared with
placebo.

29. FitzGerald JM, Bleecker ER, Nair P, et al. Benralizumab, an anti-interleukin-5

mm receptor alpha monoclonal antibody, as add-on treatment for patients
with severe, uncontrolled, eosinophilic asthma (CALIMA): a randomised,
double-blind, placebo-controlled phase 3 trial. Lancet 2016. [Epub ahead of
print]

Another randomized, placebo-controlled phase 3 study of 1306 patients with

asthma and two or more exacerbations in the previous year demonstrated

that treatment with benralizumab decreased annual exacerbations and improved

FEV;,.

30. Corren J, Lemanske RF, Hanania NA, et al. Lebrikizumab treatment in adults
with asthma. N Engl J Med 2011; 365:1088-1098.

31. Noonan M, Korenblat P, Mosesova S, et al. Dose-ranging study of lebrikizu-
mab in asthmatic patients not receiving inhaled steroids. J Allergy Clin
Immunol 2013; 132:567-574; e512.

32. Hanania NA, Noonan M, Corren J, et al. Lebrikizumab in moderate-to-severe
asthma: pooled data from two randomised placebo-controlled studies. Thorax
2015; 70:748-756.

33. Hanania NA, Korenblat P, Chapman KR, et al. Efficacy and safety of lebri-

mm  kizumab in patients with uncontrolled asthma (LAVOLTA | and LAVOLTA II):
replicate, phase 3, randomised, double-blind, placebo-controlled trials. Lan-
cet Respir Med 2016; 4:781-796.

Two replicate randomized, controlled phase lll trials of lebrikizumab in patients with

uncontrolled asthma failed to show a consistent reduction in the exacerbation rate

in patients with high T2 biomarker levels.

34. Piper E, Brightling C, Niven R, et al. A phase Il placebo-controlled study
of tralokinumab in moderate-to-severe asthma. Eur Respir J 2013; 41:
330-338.

35. Brightling CE, Chanez P, Leigh R, et al. Efficacy and safety of tralokinumab in
m  patients with severe uncontrolled asthma: a randomised, double-blind, pla-
cebo-controlled, phase 2b trial. Lancet Respir Med 2015; 3:692-701.
This phase llb randomized, placebo-controlled trial of 452 patients with severe
uncontrolled asthma and 2-6 exacerbations in the prior year demonstrated that
treatment with tralokinumab did not lead to improvement in annual asthma
exacerbation rate, and only patients receiving tralokinumab every 2 weeks had

an improvement in FEV;.

36. Wenzel S, Ford L, Pearlman D, et al. Dupilumab in persistent asthma with
elevated eosinophil levels. N Engl J Med 2013; 368:2455-2466.

37. Wenzel S, Castro M, Corren J, et al. Dupilumab efficacy and safety in adults

m  with uncontrolled persistent asthma despite use of medium-to-high-dose
inhaled corticosteroids plus a long-acting beta2 agonist: a randomised
double-blind placebo-controlled pivotal phase 2b dose-ranging trial. Lancet
2016; 388:31-44.

This randomized, placebo-controlled phase llb trial of 769 patients with

asthma stratified by blood eosinophil count found that dupilumab increased

lung function and reduced severe exacerbations irrespective of baseline
eosinophil count.

38. Thomson NC, Chaudhuri R. Omalizumab: clinical use for the management of
asthma. Clin Med Insights Circ Respir Pulm Med 2012; 6:27-40.

39. Milgrom H, Berger W, Nayak A, et al. Treatment of childhood asthma
with antimmunoglobulin E antibody (omalizumab). Pediatrics 2001; 108:E36.

10 www.co-pulmonarymedicine.com

40.

41.

42,

43.

44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Lanier B, Bridges T, Kulus M, et al. Omalizumab for the treatment of exacer-
bations in children with inadequately controlled allergic (IgE-mediated) asth-
ma. J Allergy Clin Immunol 2009; 124:1210-1216.

Normansell R, Walker S, Milan SJ, et al. Omalizumab for asthma in adults and
children. Cochrane Database Syst Rev 2014; (1):CD003559.

Brusselle G, Michils A, Louis R, et al. Real-life’ effectiveness of omalizumab in
patients with severe persistent allergic asthma: the PERSIST study. Respir
Med 2009; 103:1633-1642.

Braunstahl GJ, Chen CW, Maykut R, et al. The eXpeRience registry: the 'real-
world’ effectiveness of omalizumab in allergic asthma. Respir Med 2013;
107:1141-1151.

Grimaldi-Bensouda L, Zureik M, Aubier M, et al. Pharmacoepidemiology of A,
Xolair Study G. Does omalizumab make a difference to the real-life treatment
of asthma exacerbations?: results from a large cohort of patients with severe
uncontrolled asthma. Chest 2013; 143:398-405.

Teach SJ, Gill MA, Togias A, et al. Preseasonal treatment with either
omalizumab or an inhaled corticosteroid boost to prevent fall asthma exacer-
bations. J Allergy Clin Immunol 2015; 136:1476—-1485.

Corren J, Casale TB, Lanier B, et al. Safety and tolerability of omalizumab. Clin
Exp Allergy 2009; 39:788-797.

Limb SL, Starke PR, Lee CE, Chowdhury BA. Delayed onset and protracted
progression of anaphylaxis after omalizumab administration in patients with
asthma. J Allergy Clin Immunol 2007; 120:1378-1381.

Long A, Rahmaoui A, Rothman KJ, et al. Incidence of malignancy in patients
with moderate-to-severe asthma treated with or without omalizumab. J Allergy
Clin Immunol 2014; 134:560-567; €564.

Lowe PJ, Tannenbaum S, Gautier A, Jimenez P. Relationship between
omalizumab pharmacokinetics, IgE pharmacodynamics and symptoms in
patients with severe persistent allergic (IgE-mediated) asthma. Br J Clin
Pharmacol 2009; 68:61-76.

Bousquet J, Wenzel S, Holgate S, et al. Predicting response to omalizumab,
an anti-IgE antibody, in patients with allergic asthma. Chest 2004;
125:1378-1386.

Bousquet J, Rabe K, Humbert M, et al. Predicting and evaluating response to
omalizumab in patients with severe allergic asthma. Respir Med 2007;
101:1483-1492,

Hanania NA, Wenzel S, Rosen K, et al. Exploring the effects of omalizumab in
allergic asthma: an analysis of biomarkers in the EXTRA study. Am J Respir
Crit Care Med 2013; 187:804-811.

Nopp A, Johansson SG, Adedoyin J, et al. After 6 years with Xolair; a 3-year
withdrawal follow-up. Allergy 2010; 65:56-60.

Busse W, Trzaskoma B, Omachi TA, et al Evaluating Xolair persistency
of response after long-term therapy. Am J Respir Crit Care Med 2014;
189:A6576.

Patterson MF, Borish L, Kennedy JL. The past, present, and future of mono-
clonal antibodies to IL-5 and eosinophilic asthma: a review. J Asthma Allergy
2015; 8:125-134.

Sanderson ClJ. Interleukin-5, eosinophils, and disease. Blood
79:3101-3109.

Leckie MJ, ten Brinke A, Khan J, et al. Effects of an interleukin-5 blocking
monoclonal antibody on eosinophils, airway hyper-responsiveness, and the
late asthmatic response. Lancet 2000; 356:2144-2148.

Flood-Page P, Swenson C, Faiferman |, et al. A study to evaluate safety and
efficacy of mepolizumab in patients with moderate persistent asthma. Am J
Respir Crit Care Med 2007; 176:1062-1071.

Jayaram L, Pizzichini MM, Cook RJ, et al. Determining asthma treatment by
monitoring sputum cell counts: effect on exacerbations. Eur Respir J 2006;
27:483-494.

Katz LE, Gleich GJ, Hartley BF, et al. Blood eosinophil count is a useful
biomarker to identify patients with severe eosinophilic asthma. Ann Am Thorac
Soc 2014; 11:531-536.

Ortega H, Li H, Suruki R, et al. Cluster analysis and characterization of
response to mepolizumab. A step closer to personalized medicine for patients
with severe asthma. Ann Am Thorac Soc 2014; 11:1011-1017.
Laviolette M, Gossage DL, Gauvreau G, et al. Effects of benralizumab on
airway eosinophils in asthmatic patients with sputum eosinophilia. J Allergy
Clin Immunol 2013; 132:1086.e5-1096.e5.

Gour N, Wills-Karp M. IL-4 and IL-13 signaling in allergic airway disease.
Cytokine 2015; 75:68-78.

Wills-Karp M, Luyimbazi J, Xu X, et al. Interleukin-13: central mediator of
allergic asthma. Science 1998; 282:2258-2261.

Bujarski S, Parulekar AD, Hanania NA. Lebrikizumab in the treatment of
asthma. Expert Opin Biol Ther 2016. [Epub ahead of print]

Parulekar AD, Atik MA, Hanania NA. Periostin, a novel biomarker of TH2-
driven asthma. Curr Opin Pulm Med 2014; 20:60-65.

Wechsler ME. Inhibiting interleukin-4 and interleukin-13 in difficult-to-control
asthma. N Engl J Med 2013; 368:2511-2513.

Bachert C, Mannent L, Naclerio RM, et al. Effect of subcutaneous dupilumab
on nasal polyp burden in patients with chronic sinusitis and nasal polyposis: a
randomized clinical trial. JAMA 2016; 315:469-479.

Beck LA, Thaci D, Hamilton JD, et al. Dupilumab treatment in adults with
moderate-to-severe atopic dermatitis. N Engl J Med 2014; 371:130-139.

1992;

Volume 23 e Number 1 e January 2017

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.



Role of biologics targeting type 2 airway inflammation Parulekar et al.

70.
71.
72.

73.

1070-5287 Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.

Singh D, Cadden P, Hunter M, et al. Inhibition of the asthmatic allergen
challenge response by the CRTH2 antagonist OC000459. Eur Respir J
2013; 41:46-52.

Diamant Z, Sidharta PN, Singh D, et al. Setipiprant, a selective CRTH2
antagonist, reduces allergen-induced airway responses in allergic asthmatics.
Clin Exp Allergy 2014; 44:1044-1052.

Straumann A, Hoesli S, Bussmann C, et al. Antieosinophil activity and clinical
efficacy of the CRTH2 antagonist OC000459 in eosinophilic esophagitis.
Allergy 2013; 68:375-385.

Pettipher R, Hunter MG, Perkins CM, et al. Heightened response of eosino-
philic asthmatic patients to the CRTH2 antagonist OC000459. Allergy 2014;
69:1223-1232.

74. Gonem S, Berair R, Singapuri A, et al. Fevipiprant, a prostaglandin D2

receptor 2 antagonist, in patients with persistent eosinophilic asthma: a
single-centre, randomised, double-blind, parallel-group, placebo-controlled
trial. Lancet Respir Med 2016; 4:699-707.

This proof-of-concept randomized trial of patients with persistent, moderate-to-
severe asthma found that treatment with fevipiprant decreased eosinophilic airway
inflammation compared with placebo and was well tolerated.

75. Ying S, O'Connor B, RatoffJ, etal. Expression and cellular provenance of thymic

76.

stromal lymphopoietin and chemokines in patients with severe asthma and
chronic obstructive pulmonary disease. J Immunol 2008; 181:2790-2798.

Gauvreau GM, O'Byrne PM, Boulet LP, et al. Effects of an anti-TSLP antibody on
allergen-induced asthmatic responses. N EnglJ Med 2014; 370:2102-2110.

www.co-pulmonarymedicine.com 11

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.



