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Introduction: Asthma is a major disease burden worldwide. Treatment with
steroids and long acting B-agonists effectively manage symptoms in many
patients but do not treat the underlying cause of disease and have serious
side effects when used long term and in children. Therapies targeting the
underlying causes of asthma are urgently needed. T helper type 2 (Th2) cells
and the cytokines they release are clinically linked to the presentation of all
forms of asthma. They are the primary drivers of mild to moderate and aller-
gic asthma. They also play a pathogenetic role in exacerbations and more
severe asthma though other factors are also involved. Much effort using ani-
mal models and human studies has been dedicated to the identification of the
pathogenetic roles of these cells and cytokines and whether inhibition of
their activity has therapeutic benefit in asthma.

Areas covered: We discuss the current status of Th2 cytokine antagonists for
the treatment of asthma. We also discuss the potential for targeting Th2-in-
ducing cytokines, Th2 cell receptors and signaling as well as the use of
Th2 cell antagonists, small ‘interfering oligonucleotides, microRNAs, and
combination therapies.

Expert opinion: Th2 antagonists may be most effective in particular asthma
subtypes/endotypes where specific cytokines are known to be active through
the analysis of biomarkers. Targeting common receptors and pathways used
by these cytokines may have additional benefit. Animal models have been
valuable in identifying therapeutic targets in asthma, however the results
from such studies need to be carefully interpreted and applied to appropriately
stratified patient cohorts in well-designed clinical studies and trials.

Keywords: antagonists, asthma, CRTH2, ERK, GM-CSF, IL-13, IL-25, IL-33, IL-4, IL-4Ro/
IL-13Rad, IL-5, IL-9, JAK, microRNA, mouse models, patient stratification, small interfering
oligonucleotides, ST2, STAT, Th2 cytokine, therapy, TSLP
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1. Introduction

Asthma is an allergic disease of the airways with 300 million sufferers worldwide,
according to WHO estimates, with a concomitantly high healthcare cost. The
disease is prevalent in all age groups, however, the incidence is highest in children
and in the developed world. As countries develop (e.g., India and China) the disease
burden increases with rising socioeconomic status.

1.1 Features and pathogenesis of asthma
Although asthma is now recognized as a heterogeneous syndrome, involving
different subtypes/endotypes (discussed below), it has common clinical features of
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Article highlights.

» Anti-Th2 cytokine therapies, for example, anti-IL-5,

anti-IL-13, and IL-4Rov/IL-13Rau1 antagonists are showing

promise in the treatment of asthma.

Because of the complexity of the disease and

redundancy in the function of cytokines, combination

therapies may be more effective than single

factor approaches.

Mouse models of disease are valuable tools for

understanding pathogenesis, the roles of specific factors

in disease, and in target discovery.

Targeting of factors discovered using mouse models

and human studies needs to be carefully performed in

well-defined patient cohorts that have disease where

these factor(s) have demonstrable activity by

biomarker analysis.

e New approaches involving the targeting of infections or
microRNAs also hold promise for the future.

This box summarizes key points contained in the article.

wheezing, breathlessness, dyspnea, and cough [1-4). These
symptoms result from the effects of airway inflammation
underpinned by the influx of T-lymphocytes, neutrophils,
macrophages, eosinophils, and mast cells, in combination
with mucus hypersecretion, and hyperresponsiveness of the
airways to non-specific stimuli that cause airway obstruction
(Figure 1). CD4" T helper type 2 lymphocytes (Th2 cells),
eosinophils, and mast cells are associated with allergic mild
to moderate asthma and when activated release a range of
pro-inflammatory and pro-fibrotic mediators that promote
airway remodeling, mucus hypersecretion, bronchoconstric-
tion, and airway hyperresponsiveness (AHR) (Figure 2) [4,5].
Th2 responses are also enhanced in exacerbations and more
severe asthma, however other responses (i.e., Thl), neutro-
phils, and macrophages pre-dominate in airway infiltrates in
these patients, who are often resistant to steroid therapy [6-10].

1.2 Current asthma treatments

The mainstay of current therapies for asthma is combination
treatments with inhaled corticosteroids and broncho-relaxing
long-acting B-agonists. Corticosteroids are anti-inflammatory
and suppress the activity of numerous inflammatory and
structural cell types including eosinophils, macrophages,
mast cells (DCs), dendritic cells, and lymphocytes (including
Th2 cells), as well as epithelial and smooth muscle cells, as we
have recently reviewed (9. They function by crossing cell
membranes and binding to glucocorticoid receptors in the
cytosol and these complexes then travel to the nucleus. There
they inhibit the expression of pro-inflammatory cytokine
genes (including Th2 cytokines) and induce the gene expres-
sion of anti-inflammatory factors. Corticosteroids are effective
in managing the symptoms in most patients with mild to
moderate asthma, however, 10 - 20% of patients have
severe asthma, many of who are refractory to these therapies.
Indeed, steroid resistant patients make up only a small

proportion (5 - 10%) of asthmatics but account for more
than 50% of asthma-related healthcare costs because they
are difficult to treat and often require admission to outpatient
facilities (9. Furthermore, steroid therapy has limitations; it
treats the symptoms not the causes of disease, is linked to
non-compliance, has waning efficacy, and its use for treatment
may have serious systemic side effects. Thus, there is an urgent
need to develop new therapies that target the underlying
causes of asthma and more severe forms of the disease.

1.3 Need for new therapies

In order to develop new treatments it is fundamentally impor-
tant to understand the mechanisms of asthma pathogenesis.
This can be achieved through a combination of the use of ani-
mal models, 7z vitro studies with human cells, and clinical
studies. Nevertheless, it is becoming obvious that the results
of such studies must be carefully interpreted and translated
so that the most appropriate clinical trials are performed in
selected cohorts of patients. Different treatments may be
effective in suppressing the induction of asthma and in revers-
ing established disease and may be specific to different asthma
endotypes. Thus, understanding the critical factors that drive
disease in each patient, or patient group, will result in tailored
medication for maximum benefit.

Asthma results from a complex network of inflammatory
pathways and there are many immunological and cellular con-
tributors, which vary in the different endotypes [4]. Neverthe-
less, it is known that Th2 cells and the cytokines that these
and other inflammatory cells release are critically important
in the pathogenesis of mild to moderate forms of the disease,
and are elevated in more severe forms. It has also been recently
recognized that innate immune and myeloid cells can also
release Th2 cytokines, and may be critical players in the
inception and exacerbation of asthma [11,12]. The major
Th2 cytokines that are thought to contribute to asthma path-
ogenesis are interleukin (IL)-4, IL-5, IL-9, IL-13, and granu-
locyte macrophage-colony stimulating factor (GM-CSF) (4].
Recently, IL-25, IL-33, and thymic stromal lymphopoietin
(TSLP) have been linked to the development of
Th2 responses and the inception of asthma. Furthermore,
Th2 receptors and signaling pathways have a significant role
in the development and production of Th2 responses. It is
important to consider that individual features of disease may
be regulated independently of each other (e.g., inflammation
and AHR [13-16)) and may need to be targeted separately.
Also, the inflammatory response in asthma may have redun-
dant components where multiple effector molecules or cells
can drive disease (e.g., eosinophil recruitment into tissues)
and thus combination therapy rather than targeting a single
mediator may be required for maximal therapeutic benefit 4.

2. Th2 cytokine antagonists for asthma

Th2 cells, and other inflammatory cells, release a range of
cytokines that have common and/or unique effects (4. Many
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Figure 1. Pathological features of the asthmatic airway. In
the asthmatic airway (right), the infiltration and activation
of inflammatory cells (red cells), subsequent mediator
release results in mucosal swelling (blue cells), mucus
secreting cell hyperplasia (purple cells), mucus hypersecre-
tion (green), and bronchoconstriction. These immunopatho-
logical features result in airway narrowing and widespread
but variable airflow obstruction that is characteristic
of asthma.

of these cytokines and their effects were first discovered using
animal models, particularly mice. Acute models of allergic
airway disease (AAD) in mice can be used to assess the
roles of cytokines and effects of targeting their expression
on airway inflammation, cytokine release, immunoglobulin
(Ig)E levels, mucus hypersecretion, AHR, and early features
of tissue remodeling (Figure 2) [6-8,10,17-32]. They have
many [6,7,10,17-32] or individual factors (8] of asthma, and can
be used to assess: The role of immune factors [6,17-23]; the
contribution of immune cells and factors in adoptive
transfer studies [20,23,24] and in factor deficient [19,22,24] or trans-
genic animals [14,20); the impact of deleterious (e.g., Chlamydia
(17.18,20,23,24], Haemophilus (7,10]) or protective [2,25-27] infection
and Treg-inducers [22528]; effects before, during, or after
sensitization [7,1025] or in established disease [28]; the effects of
different stages of life [6,17,18,23); and even nutritional interven-
tions [29,30]. Chronic mouse models can be used to assess
longer-term remodeling events [31-33. Commonly used mouse
models involve systemic sensitization followed by airway chal-
lenge with ovalbumin. This enables the assessment of systemic
and local pulmonary immune responses, as well as antigen-
specific T cell responses. There are also powerful molecular
tools that can be combined with ovalbumin-induced models
of AAD such as ovalbumin T cell receptor transgenic
mice [1820.. House dust mite is another commonly used
antigen to induce Th2 responses after direct sensitization
through the airway mucosa rather than systemically with an
adjuvant [2734,35). Rat models of AAD have also been used to
investigate airway epithelial specific responses [36,37.

In vitro studies using human immortalized cell lines
or primary cells from the circulation (peripheral blood
mononuclear cells) or the respiratory tract (broncho-alveolar

lavage or sputum) have provided valuable insights into the
contributions of Th2 cytokines to asthma pathogenesis [38-42].
Many in vive association studies in both children and adult
patients [43,44] have also linked Th2 cytokines with the incep-
tion and progression of asthma. Furthermore it is possible to
perform antigen or infectious challenge studies of asthmatics
to further investigate the roles of particular factors in the
acute phases of disease [45]. Results from experimental and
clinical studies guide clinical trials as an ultimate test of new
therapeutics for asthma, however, they must be well designed
to test therapeutics in the most appropriate sub-group(s) of
asthmatics (e.g., [45-49]).

There is the potential to target each of the Th2 cytokines
(Table 1), or their receptors and signaling pathways for
therapeutic benefit, particularly in different endotypes where
specific cytokines may have a major influence on the expres-
sion or progression of disease. Since there may be redundancy
in activity, and pathologic features may be independent of
each other, combination therapies that target multple
cytokines or common receptors that are utilized by multiple
cytokines may be more effective than single target strategies.

2.1 Th2 cytokine antagonists

The classic Th2 cytokines IL-4, IL-5, IL-9, and IL-13, as well
as GM-CSF, which is released by Th1 and Th2 cells, all have
specific effects in asthma [4]. Targeting these cytokines in
patient groups with evidence of increased function of these
cytokines, or the pathophysiological outcomes of their effects,
may be effective in targeting the mechanisms that lead to
disease and thus suppress asthma (Table 1).

2.1.1 IL-4

IL-4 has many pro-asthmatic effects and can induce: Th2 cell
differentiation (and suppression of Thl responses); B cell
isotype switching and IgE production; mast cell proliferation;
eosinophilic influx; maintenance of antigen-induced inflamma-
tion; eotaxin production; mucus hypersecretion; and AHR, and
may also contribute to airway remodeling (Figure 2) [4,50-55).
IL-4 signals through the IL-4Ro/IL-13Rol to induce its
effects [56].

Increased IL-4 expression or administration of recombinant
IL-4 to the airways of mice does not induce inflammation
or AHR, but induces IgE release and mucus hyper-
secretion [53,57-59]. The use of IL-4-deficient (/) mice has also
implicated IL-4 in promoting some features of asthma. When
acute AAD was induced in IL-4"" mice they had attenuated
eosinophilic inflammation, mucus hypersecretion, IgE produc-
tion, and in some cases also had reduced AHR [54,60,61]. In
chronic models IL-4”" mice had attenuated inflammation but
enhanced remodeling and AHR (33]. Thus, IL-4 is implicated
in some features of asthma pathogenesis including eosinophilic
inflammation, IgE production, and mucus hypersecretion and
possibly AHR but not necessarily airway remodeling.

Targeting IL-4 using ant-IL-4 monoclonal antibodies
(mADb) in mouse models has been shown to attenuate some
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Figure 2. Role of Th2 cells and cytokines in the pathogenesis of asthma. Th2 cell differentiation, recruitment, and activation is
induced by Th2-inducing cytokines such as IL-4, IL-25, IL-33, GM-CSF, and TSLP that are produced by dendritic cells (DQ),
epithelial cells, and other innate immune cells and are present in the extracellular environment. Activated Th2 cells secrete
the Th2 cytokines, IL-4, IL-5, IL-9, IL-13, and GM-CSF which promote IgE production and eosinophil and mast cell recruitment
and activation in the lung. Th2 cytokines produced by Th2 cells and the release of pro-inflammatory mediators by activated
eosinophils and mast cells in the asthmatic airway drive the pathophysiological features of asthma.

features of AAD (e.g., IgE production, AHR) when adminis-
tered during sensitization but not with treatment before or
after allergen challenge [57.621. Other studies showed that
IL-4 mAb treatment also reduced IL-13 levels but not to suf-
ficiently low levels to inhibit the development of AHR {63].
Thus, mouse models have shown that IL-4 contributes to
the development of AAD but is less important in disease
progression. Furthermore, anti-IL-4 treatment may have
beneficial effects in suppressing the development of asthma.
A humanized anti-IL-4 neutralizing mAb has been generated
that inhibits IL-4 bioavailability 77 vitro (641, but a Phase II trial
of anti-IL-4 (pascolizumab) in established asthma was discon-
tinued because of a lack of clinical effects [64]. Nevertheless,
this antibody has not yet been used in clinical trials to suppress
the development of asthma during early life when allergen sen-
sitization takes place. Anti-IL-4 treatment during this period
may suppress the establishment of Th2 responses (IL-5,
IL-13, GM-CSF) and their pro-asthmatic sequelae. An IL-4
antagonist, soluble IL-4Ra., has been assessed as a treatment
in established moderate persistent asthma and has been
shown to improve forced expiratory volume in one second
(FEV;) and reduce asthma symptom scores [65]. However,
inhibition of IgE function, which is a major product of IL-4
action, with anti-IgE mAb (omalizumab) has limited efficacy

but does reduce clinical symptoms and exacerbations in
moderate to severe allergic asthma in children, adolescents,
and adults (66,67). Its efficacy in non-allergic asthma remains
unknown. Once again targeting specific populations may be
required to be able to demonstrate the greatest therapeutic
effect (e.g., anti-IgE therapy for poorly controlled asthma or
viral-induced asthma where IgE receptor-bearing cells are
thought to contribute).

In summary, targeting IL-4 has some beneficial effects but
efficacy may be greatest for disease prevention.

2.1.2 IL-5

IL-5 plays a pivotal role in the development, maturation, and
mobilization of eosinophils from the bone marrow [4,68]. It is
also implicated in the development of AHR (Figure 2) [69].
This cytokine signals through the IL-5Rot in conjunction
with the beta common (Bc) chain and induces the enhanced
expression of its alpha-receptor [8].

Increased IL-5 expression or administration of IL-5 to the
airways of mice induces eosinophilic inflammation and struc-
tural changes (70-72), which were further increased when AAD
was induced [73]. The use of IL-5" mice showed that the
absence of IL-5 suppresses eosinophilic inflammation, mucus
hypersecretion, early signs of airway remodeling, and AHR in

52 Expert Opin. Investig. Drugs (2013) 22(1)

RIGHTS LI N Ky



Th2 cytokine antagonists: potential treatments for severe asthma

3uo|e -] buiziuobeiue
UBY} 9AI1D9HD 2I0W S}Nsay
‘ewyise

ul [enpyausq st L0Ye L-1]
/0411 bunabie]

paJiinbal aq pjnom
uonewwelul dijiydoursoa
}Jo uoissaiddns |euonippe
1NQ BWYISEe JIUOIYD 1oy
Adeiayy e se |enusiod aaey

YHYV pue ‘uononpoud
SnoNW ‘uoljewweljul

uondnpoid snanul
pue 36| WNJas paseanuy

(abus|leyd
usbJa||e Jse padueyud
Jayuny ||e) YHv pue

‘Buljapowas Aemuie ‘UoiL4d9s

4HV pue

‘uoidnpoud 36| ‘uonasdasiadAy
SNoNW ‘uolewwelul
dljiydouisos pasnpay

uonewuwe|jul
dljiydouisos Aleuownd

avv
21nde Ul gHY 9AeY 1ou Aew Jo

buijeubis £1-11 pue #-1i
Yioq 10} t_owamuwg uowuwo)

(YHV pue ‘Buispowais
Aemule ‘uoneidesiadAy
snonw ‘uoljewweljul Aemdie
dljiydoursos ‘uondnpoud 36))

LOYEL-TI/04P-T

Kew €| -] buiziuobeiuy Aemudie passaiddns SNdNW auljaseq pasealduy| Aew ‘sisquinu DS passalddng BUWIYISE JO SYJewW|ey ||e saanpu| <1l
YHYV pue ‘eisejdiadAy S9dA |92 Jay10 pue |90
DS ‘uonewwejjul 1sew Jo adAjousyd jos3u0d Aey
Aemuie pasessdul YHY pue uonewuweu ‘siso1Ao015eW
uoIssaidxa1ano dipnads-bun Kemuie dijiydoursoa passalddng pue Ymmolb [|93-] Sa10wold 6-11
Bullspowa.
pue “YyHy ‘uonaidasiadAy
BUIYISE Ul YHY 91nde pue snonul passalddns
‘Buijspowas ‘uonewwe|jul avy o uondnpul YHY
Aemuie ssaiddns 0] 9S0J2 UoIeASIUIWPY uononpul YHYV pue ‘builspowsal JO JuswdoleAsp ul pajedijdul
Aewl 1uawiealy g-T|-nuy (@vv 21049q avV 191 Jaynny pasealdul Aemuie ‘uonaidasiadAy ‘sjiydouisoa
"YHV pue uonewwe|jul SY99M 7| 01 dn DA11D3)49) ‘ssbueyd |ednidnuis pue snoNW ‘uoneuule|jul JO sIxeyowayd pue ‘uonezijigouw
dljiydouisos ul 1uepodw| sjiydouisoa passesddng Xn|put d1jiydoulsos pasnpul dljiydourisos passalddng ‘uonedniew ‘yuswdoleraq Sl
Bulspowal Aemury
YHY
‘uonRJd9sI9dAy snonip|
‘uononpoud uIxejo3
‘uonewwe|jul
avyv YHYV Hgiyul 3ou uoleJdesIadAy snonw pue  padnpul-usbijue JO dUeUSIUIRIA|
0 1uawdolansp ssauddns pIp 1INQ €1-1| pasealdaq ‘uononpoud 36| ‘uonewwejul XN|43 dljiydoulsoy
Aew juswiealy y-7-luy ‘(Juswiean uoleJdesIadAY snonwi dljiydouisos paienusiie ‘uonelsyljoid |9 1sen
‘uoIssaibold 10U YUM 10U INQ) UOIBZIHSUSS pue asesa4 36| s9dNpu| pey DI ‘gyy dInde Jaye ‘uondnpoud
INg @YYV 4O uswdopasp  Buunp palaisiuiupe usym YHY JO uonewwejjul BUIYISE JO S3IN1eDd) WS 36| pue buiyoums adAosi |90 g
3yl 0} $9INQIIU0D YHY ‘30| pe1enuany 92NpUl 10U $90Q bunnowold ul $-7| paredrdu UOIBIUBIBHIP 19D ZYL el
s|opow asnow
ul punoj saupjo}fd jo avy ul Jouqiyul JuUdWeal] JUBUIqW O
@uepodwi jo Arewwng /Apoqnue bBuizijesynaN /91w buissatdxa-1anQ DI 1UaDYQq 9oy aupjorh)

‘(319eL JamoT) suewny ul sjen [eaiulp ul pue (3jqe) soddn) 911w Ul Qyy ul s1a4e J19Yy) pue padojansp uaaq aAey eyl sioyqiyul

3y} ‘(3qeL 19ddn) sjopow asnow Buisn pauiwialap Uaaq aAey s3j04 J1d9Y) Moy ‘ewiyise Jo sisauaboyied syl 03 91nqLIIUOI Jey) saUP0IAd Yl °|L d|qeL

*Ajuo asn [euosiad o4
¥T/70/TT Uo j00dAIT Jo AisieAIUN AQ Wodakedylesteulioul woly papeojumoq sbniqg "Bnseau| "uido uedxg

53
RIGHTS LI N Ky

Expert Opin. Investig. Drugs (2013) 22(1)



P. M. Hansbro et al.

Buiwld |90 |

LD pue shemue ayy

0} uoneibiw D bumgiyul
AQ Qv sessaiddns
101da231 415 JO apexdo|q

dvy ainde jo
uondNpul 3y} 01 a|gndadsns

(€L "S- -0

S2UI01AD JO 9sesja. 910Wold
‘sixeyowayd

[ ZYL pue UORENUIBHIP
193 YL p=dnpul-DQ sednpu|
‘sasuodsal sunwiwl gyl
310Wold 0} UOIBAIIDE SUNWWI

pajelpaw Apoquuy s3] ale diw _, J03dadal 4151 91euur Ul Aliea uonouny Aepy d1sL
avyv 4o sainesy A-N4| 9194035
Jlew||ey saienusye 01 S|[2> 1N puUe N S91eAldY
JEE-TI JO apexo|q eisejdiadAy bun| pue ‘DSIA 's|192 zyl 40 swdojprsp
Apoqnue |euopouoy ‘36] ‘xnjjur |Iydouisoa anssiy padNpul-)J 01 S3NQLIIUOD AB|A|
‘uonewuwejjur Aeemiie sy paseaJdul se ||9m se ‘asuodsal 'S|I9> ZyL
-qiyul Apoque ge--uy Aiorewwelyur ai-zyL sednpuj JO SIXPJOWSYD S810WO0Id g€l
(eisejdiadAy
|92 |elpyuds ‘uondnpoud
YHY passaiddns sbusjieyd snonw ‘xnjjul [lydouisoa
BulNp pPaJ3SIuILIPE USYM Aemuie ‘uondnpoud 36)) suoiss)
‘Abojoyied peienosse-zyl AemJie paienosse pue sasuodsal
S9SI9ARJ UOIeZI|BJINSU Aioyewiwelyur zyl pue |93 J9||i
Apogiiue |euo|>ouo [BAN1EU JO UOIBNIUI 10} [Bd1}D Sz-1l
uononpoud
YHYV passaiddns auIy014> pue ‘uoie|nuelbap
pue ‘uondnpoid snanwi ‘sixejowsyd |Iydouisos sedueyul
‘uoljewwieljul Aemire SISOJqI} PUB ‘UOIBUIUIE|UI ‘sjiydouisoa buipnpu
P31QIYul paJ31sIuILIpe Aemlie ‘'uonezijisuas sadAy |j9> Aorewwejpul
saIpoqnue 4SD-|AD-1uy >1bJ3||e paduUByUT SNOJIWNU JO UOIINPUI S|OJIU0D 4SD-IND
s|jopow asnow
ul punoj saunjoifd jo avy ul Joxqiyui jusw)eal) JueuIquodal
auepoduwi jo Arewwns  sApoqnue bujzijesnaN /921w buissaidxe-1anQ IA JUBDIRQ s|oy aunjo1f

‘(Panunuod) (3|qel 19MmoT) suewny ul sjel} [edrul]d ui pue (3|qe] Jaddn) 231w ul @YV Ul S399443 119y} pue padojansp uaaq aAey ey sioqiyul
3y} ‘(31qel 42ddn) sjopow asnow Buisn paulwial}ap uaaq aAey sa[oJ 118y} Moy ‘ewyise jo sissuaboyied ay) 0} axnqLIUOd Jey) saupjoIfd gyl ‘| djgel

*Ajuo asn [euosiad o4

¥T/70/TT Uo j00dAIT Jo AisieAIUN AQ Wodakedylesteulioul woly papeojumoq sbniqg "Bnseau| "uido uedxg

Expert Opin. Investig. Drugs (2013) 22(1)

54

RIGHTS LI N Ky



Expert Opin. Investig. Drugs Downloaded from informahealthcare.com by University of Liverpool on 11/04/14

For personal use only.

Preclinical/clinical efficacy

Phase of development

Mechanism of action

Compound

Target cytokine

High binding affinity, long half-life, and low

Not yet studied in human
clinical trials immunogenicity

Humanized cytokine antagonist

Pascolizumab (SB 240683)

IL-4

Well tolerated, reduced eosinophil numbers in blood

Small initial safety and efficacy

clinical trials underway

Humanized cytokine antagonist,
blocks binding of IL-5 to the

IL-5Ra chain

Mild asthma: mepolizumab
Severe asthma: reslizumab

(SCH55700)
MEDI-529

IL-5

and sputum. No significant improvement in late-phase

reaction, AHR, or lung function.

Acceptable safety profile, no serious adverse events,

linear PK profile

Phase lla Studies

Humanized cytokine antagonist

IL-9

Improved prebronchodilator FEV1, did not reduce

asthma symptoms

Small clinical trials have

occurred

IgG4 humanized monoclonal

cytokine antagonist

Lebrikizumab

IL-13

Safe, well tolerated, fewer asthma exacerbations were

IgG2 humanized monoclonal Phase Il clinical trials
seen in the higher AMG 317 treatment groups

AMG 317

IL-4Rov/IL-13Rat

receptor antagonist to IL-4Ro
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acute AAD, which could be reversed by re-constitution of
IL-5 (7274). Similar effects were observed in IL-SRo”
mice (73]. The induction of epithelial hypertrophy and sub-
epithelial fibrosis but not chronic inflammation and AHR in
chronic AAD in IL-5"" mice demonstrates that this cytokine
regulates inflammation and AHR, but not airway remodeling
in the long term [75].

Ant-IL-5 neutralizing antibodies have been developed and
have strong and sustained suppressive effects on eosinophils,
being effective for up to 12 weeks in mice [57.76]. Administra-
tion of anti-IL-5 just prior to the induction of acute AAD
results in suppression of mucus secretion, AHR, and remodel-
ing, but not antibody or T cell cytokine production [68.73,77.78].
In chronic models of AAD, treatment with anti-IL-5 after dis-
ease had developed was effective in suppressing airway inflam-
mation and remodeling but not AHR, suggesting that these
features are independently regulated and additional strategies
for suppressing chronic AHR are required. Thus, mouse mod-
els have shown that IL-5 is important in regulating eosino-
philia and acute AHR and that and-IL-5 treatment may
have beneficial effects in suppressing airway inflammation,
remodeling, and acute AHR in asthma.

The extensive studies in mouse, as well as other animal
models of asthma (including non-human primates) have led
to the development of humanized anti-IL-5 mAbs (e.g.,
mepolizumab), which block the binding of IL-5 to the
IL-5Ra chain. Small initial safety and efficacy clinical trials
have demonstrated similar effects as observed in chronic
mouse models. Treatment of mild (mepolizumab) and severe
(SCH55700/reslizumab) asthmatics with a single infusion of
these anti-IL-5 mAbs [69,79.80] was well tolerated and provided
proof-of-principle that targeting IL-5 reduced eosinophil
numbers in the blood and airways (sputum) of patients. How-
ever, no significant clinical improvement was observed in the
late-phase reaction, AHR, or lung function (69.79-82]. The lack
of demonstrable clinical efficacy may have been due to small
sample size, trial design [83], or failure to decrease tissue eosin-
ophil numbers to therapeutically beneficial levels (84]. Indeed,
in a subsequent clinical trial mepolizumab was shown to only
partially decrease eosinophil numbers in bronchial mucosa [82].
Building on these studies, atopic asthmatic patients were
given three infusions of mepolizumab, which reduced eosino-
phil levels in the bronchial mucosa by approximately 50%
and correlated with decreased expression of ecosinophil
TGF-B1 and extracellular matrix proteins (tenascin, lumican,
and procollagen III) strongly suggesting a role for this granu-
locyte in remodeling of the airway wall (s1]. Further studies
indicated that mepolizumab acts in part by attenuating
eosinophil maturation and potential local tissue eosinophilo-
poiesis [85]. More recently, the anti-eosinophil effects of
mepolizumab and reslizumab were investigated in asthmatics
selected for elevated levels of ecosinophils in their sputum
(= 3%) [46-48]. In these studies the numbers of eosinophils in
sputum were decreased to almost zero. Collectively, these
studies showed that this approach to stratification of patients
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based on sputum cell counts for anti-eosinophil therapy
resulted in decreased frequency of exacerbations, a steroid-
sparing effect, improved FEV, and long-term improvement
of asthma control (reslizumab) [46-4s].

Thus, anti-IL-5 has substantial promise for the treatment of
poorly controlled eosinophilic asthma [19.86]. In the future,
therapeutic approaches that reduce eosinophil numbers to
very low levels in lung tissue of patients where these granulo-
cytes are present and activated should result in enhanced
therapeutic outcomes. Approaches that target eosinophils
directly, such as the cytotoxic anti-IL-5R0. mAb benralizu-
mab, may further enhance therapeutic outcomes [87-89]. Such
anti-eosinophil approaches should significantly benefit the
approximately 30% of asthma patients presenting at outpa-
tient clinics that have diagnosed eosinophilic bronchitis [90].
Similar therapeutic strategies are urgently required for neutro-
philic and other forms of asthma where our knowledge of
pathogenic pathways is more limited.

2.1.3 IL-9

IL-9 is produced by Th2 cells and the recently described Th9
cells and drives T cell proliferation and mast cell-driven
inflammation, mucus production, AHR, and airway fibrosis
(Figure 2) [4,91-95].

Adoptive transfer studies show that Th9 cells and overex-
pression of IL-9 in the lung may promote mast cell-driven
eosinophilic inflammation, mucus hypersecretion, and AHR
in mice, which is reversible by the neutralization of
IL-9 193,96,97]. Thus, anti-IL-9 may have beneficial effects in
suppressing these features of asthma, particularly in patients
with a mast cell component to their disease.

A human anti-IL-9 mAb (MEDI-528) has been devel-
oped (98] and is in trials for long-term treatment of moderate
to severe asthma [99,100]. Initial results have demonstrated
only small improvements in lung function and the trials
are ongoing.

2.1.4 IL-13

IL-13 can induce all of the hallmark features of asthma: IgE
production; eosinophilic airway inflammation; mucus hyper-
secretion; airway remodeling, and AHR (Figure 2) [4,18,100,101].
IL-13 primarily signals through the IL-4Ra/IL-13R0u] recep-
tor complex, but in some circumstances signals independently
of this complex [102].

Overexpression of IL-13 in mice increases baseline mucus
secretion and induces airway remodeling and AHR, and this
effect is further increased after allergen challenge [103]. Induc-
tion of acute AAD in IL-13"" mice results in suppressed mucus
secretion and in some studies AHR [63,104]. The fact that AHR
still develops in some studies indicates that redundancy exists in
the IL-13-related mechanisms that regulate altered smooth
muscle reactivity, and other compensatory factors are able to
induce alterations in airways reactivity in AAD. Furthermore,
eosinophilic inflammation is still a predominant feature of
the inflammatory response in the absence of IL-13 suggesting

that targeting IL-13 alone may not give maximal therapeutic
benefit. The potential for combination therapies has been
investigated by depleting IL-4 or IL-5 in IL-137" mice.
IL-4 depletion suppressed airway eosinophilia and AHR but
not the levels of peripheral eosinophils, whereas as IL-5 neutral-
ization inhibited eosinophilia in both compartments and
AHR (63.75]. In models of chronic AAD, IL-137 mice have
reduced airway inflammation, mucus hypersecretion, and air-
way remodeling but low levels of AHR persist (33]. Recently,
we have shown using a range of methods that IL-13 promotes
susceptibility to Chlamydia respiratory infection, which is
linked to the induction and exacerbation of asthma [105].
Thus, targeting IL-13 may not only suppress features of asthma
but also infection-associated induction and exacerbation of
asthma (3,6,17,18].

Anti-IL-13 neutralizing antibodies have been developed
and a naturally occurring soluble IL-13R02-Fc fusion pro-
tein, which is a competitive inhibitor of IL-13, is also avail-
able [61,106]. Treatment with either of these agents during the
allergen challenge phase in models of acute AAD suppressed
eosinophilic airway inflammation, mucus hypersecretion,
and AHR [9,61,107. In established chronic AAD anti-IL-13
suppressed cytokine and IgE production, airway inflamma-
tion, mucus hypersecretion, and remodeling but had only
small effects on AHR [32,108-110].

Thus, mouse models have shown that IL-13 promotes eosin-
ophilic inflammation and remodeling and contributes to AHR,
and anti-IL-13 treatment may have beneficial effects in sup-
pressing these features of asthma. However, add-on therapy
may be required to further suppress eosinophilic inflammation.

Anti-IL-13 neutralizing antibodies have been successfully
trialed in steroid-resistant asthmatics with increased circula-
ting periostin levels, which is a surrogate measure of
IL-13 activity [49]. Treatment for 12 weeks resulted in a signif-
icant (5.5%) improvement in lung function (FEV,) with the
greatest effects in those with higher levels of circulating perios-
tin. Further studies are required to determine the optimal
therapeutic strategies and patient groups. Two humanized
anti-IL-13 antibodies that target different epitopes of 1L-13
were also trialed in mild atopic asthmatics [45]. Subjects were
administered the antibodies then challenged with allergen.
Treatment suppressed early- and late-phase asthmatic
responses (FEV| and area under the curve), although there
were no changes in AHR or sputum eosinophils. Importantly,
however, these subjects were not selected on the basis of
increased I1L-13 or periostin levels.

Thus, anti-IL-13 treatment may be effective in asthmatics
with increased levels of this cytokine and where there is
demonstrable biological activity.

2.1.5 GM-CSF

GM-CSF induces multiple signaling pathways that control the
proliferation and activation of numerous inflammatory cell
types that are important in asthma (e.g., eosinophils, DCs,
macrophages, and neutrophils) (Figure 2) [4,111]. It contributes
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to the early development of eosinophils and is critical for their
survival and contribution to immune responses as well as in the
activation of antigen presenting cells. GM-CSF signals through
the activation of GM-CSFRa in conjunction with IL-3/IL-5/
GM-CSF Pc receptors [19,112,113].

The absence of the Bc chain results in significant attenua-
tion of Th2 development and all of the hallmark features of
asthma in models of acute AAD [19]. Overexpression of
GM-CSF in the airways of mice induces pulmonary sensitiza-
tion to allergen, and increases airway inflammation and
remodeling alone or upon allergen challenge [114,115]. Anti-
GM-CSF treatment during challenge in models of acute
AAD suppresses airway inflammation, mucus hypersecretion,
and AHR [116].

Thus, mouse models show that GM-CSF promotes airway
inflammation and remodeling, and AHR and anti-GM-CSF
treatment may have beneficial effects in asthma.

A human anti-GM-CSF neutralizing antibody has been
developed but results from trials have not yet been reported.

2.2 Th2-inducing cytokine antagonists

Th2 cytokines auto-induce the cell that releases them. How-
ever, recently, innate lymphoid cells (e.g., nuocytes) have
been identified (through the use of gene reporter mice) as
early sources of Th2 cytokines (e.g., IL-5 and IL-13) after
allergen exposure and these cells may be important for the
induction of subsequent adaptive Th2 responses [4,12,117].
Also recently, other cytokines have been identified, IL-25,
IL-33, and TSLP, that have important roles in the induction
of Th2 responses by regulating innate lymphoid development
(Figure 2). Since IL-25, IL-33, TSLP and innate lymphoid
cells are important in the early onset of Th2 responses these
cytokines and cells may also be targets to prevent the induc-
tion and progression of asthma (Table 1). Treatments that
target these cytokines in humans have not yet been trialed.

2.2.1 IL-25
IL-25 activates natural killer T cells, which are known to have a
role in the induction of AHR in models of AAD [27], and asthma,
and this cytokine contributes to the differentiation of Th2
cells, allergic inflammation, and angjogenesis (Figure 2) [4,118-123).

Administration of IL-25 to mice induces IL-4, IL-5 and
IL-13 production, IgE synthesis, eosinophilic airway inflam-
mation, mucus hypersecretion, and some features of airway
remodeling [124]. IL-25 also induces the development of
Th2 cells in models of acute AAD in mice [21,118,119]. An
important recent study showed that IL-25 also induces the
production of Th2 cytokines from a novel myeloid cell popu-
lation (T2M cells) and this process is resistant to steroid
treatment [12]. Furthermore, by using novel IL-13 reporter
mice it has been demonstrated that IL-25, along with IL-33,
induces the development of nuocytes, which are an early
source of IL-13 [11].

And-IL-25 neutralizing antibodies have been developed
that suppress Th2 responses and associated inflammation

and AHR in models of acute and chronic AAD in mice but
they do not affect airway remodeling [21,31,124,125]. Further-
more, blocking IL-25 during the allergen challenge phase
also suppressed AHR, indicating that anti-IL-25 has the
potential to be used as a therapy in established disease [126].

222 IL-33

IL-33 is released early following epithelial cell damage [127].
It induces eosinophil differentiation, the release of IL-5
and IL-13, and the influx of Th2 cells into the airways
resulting in airway inflammation, as well as potentially,
dendritic cell (DC)-induced Th2 cell development and the
pro-inflammatory activity of mast cells (Figure 2) [4,128-133].
This may occur through the ability of IL-33 to bridge innate
and adaptive immunity [134]. IL-33 signals through T1/ST2
receptors on Th2 cells.

Administration of IL-33 to the lung induces Th2 responses,
eosinophilic inflammation, IgE, mucus hypersecretion, and
signs of airway remodeling [135].

And-IL-33 antibody inhibits airway inflammation in
models of acute AAD in mice [136]. Neutralizing antibodies
have been developed against the T1/ST2 receptor, which
prevent Th2 stimulation and could potentially be used to

block IL-33 activity [137].

2.2.3 TSLP
TSLP is an innate cytokine that promotes DC-induced deve-
lopment of Th2 responses, Th2 cell chemotaxis, and the
release of cytokines by these cells (Figure 2) [4,138-142]. TSLP
may also increase airway contractility, mast cell function,
and suppress the generation of antigen-specific regulatory
T cells (Tregs) [143.144]. Overexpression of TSLP in the lungs
of mice results in severe Th2-mediated inflammation, and
TLSP receptor”’™ mice have reduced acute AAD [145,146].
Neutralizing antibodies have been developed against the
TSLP receptor, which suppress AAD by inhibiting DC traf-
ficking and priming of T cells [147]. However, TSLP is not
increased in all endotypes of asthma, but may be particularly
important in severe asthma [148,149].

2.3 Th2 cell receptor antagonists

An alternative to targeting Th2 cytokines is to block the
receptors that they bind to and signal through (e.g., IL-4Rov/
IL-13Rail and T1/ST2) or through receptors that mediate
the mobilization of Th2 cells (CRTH2).

2.3.1 IL-4Ra/IL-13Ra1
Directly targeting IL-4 may be too selective to account for
redundancy and pathways that operate in parallel. However,
suppressing the activity of the common IL-4 and IL-13 recep-
tor complex, IL-4Ro/IL-13Rol, has the potential to inhibit
the responses induced by both of these cytokines [4,150].
IL-4R™" mice have reduced eosinophilic inflammation,
mucus hypersecretion, IgE production, and AHR in models
of acute AAD [5460.61]. The effects were greater than in
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IL-4"" mice presumably since both the effects of IL-4 and
IL-13 were reduced. In chronic models, IL-4R”" mice had
reduced mucus hypersecretion, but there were no differences
in airway fibrosis or AHR (33].

And-IL-4R0. mADb has been tested for its ability to prevent
AAD in mice. Treatment before allergen challenge suppressed
eosinophilic airway inflammation, IgE levels, mucus hyperse-
cretion, and AHR [58,151,1521. However, cytokine responses
(IL-5, interferon (IFN)-y) were not affected and IL-4 levels
were actually increased. An IL-4 molecule (recombinant
IL-4 variant, pitrakinra) with attenuated function, which
blocks IL-4Ro/IL-13Roul signaling, has also been developed
and tested in mouse models [110,153]. Treatment during sensi-
tization reduced IgE levels, airway eosinophilia, IL-4 and
IL-5 release, mucus hypersecretion, and AHR. However, as
with anti-IL-4 treatment the inhibitor had no effect when
delivered after sensitization.

Thus, mouse models show that targeting the common
IL-4Rov/IL-13Roul may suppress eosinophilic influx, mucus
hypersecretion, IgE release, and AHR but not T cell activity
or airway remodeling, with the greatest effects when
delivered prophylactically.

A human ant-IL-4Rot mAb has been developed, which
blocks IL-4 and IL-13 signaling, and has been tested as a treat-
ment in established stable asthma [154]. Treatment suppressed
asthma exacerbations, particularly in subjects with more severe
asthma but did not alter stable asthma control, B-agonist use,
or lung function. It is possible that increasing the length of
treatment or the doses used or by the selection of specific
asthma phenotypes may improve efficacy. A recombinant
IL-4 variant that potently inhibits both IL-4 and IL-13 activity
has been trialed in humans with atopic asthma [155]. Treatment
was effective in preventing allergen challenge-induced reduc-
tions in FEV, and reduced spontaneous exacerbations. Most
recently this IL-4Rat antagonist has been shown to be particu-
larly effective in asthmatics with specific alleles and SNPs of
this receptor, providing further evidence for patient-specific
therapies [155].

Thus, targeting the IL-4Ro/IL-13Ral is beneficial in
asthma, and may be more effective than antagonizing IL-4
alone, and remains a potential therapeutic approach.

2.3.2 ST2

T1/ST2, or ST2, is an IL-1 family receptor that can be mem-
brane bound, soluble, or a variant [156]. It is selectively and
specifically expressed on Th2 cells and is the IL-33 receptor.
Blocking ST2 with antibodies or soluble ST2 in mouse
models suppresses Th2 responses [157-159]. There have been
no studies that have targeted this receptor in humans.

2.3.3 CRTH2

The mobilization Th2 cells is mediated by another receptor on
these cells termed the chemoattractant receptor-homologous
molecule expressed on Th2 cells receptor (CRTH2), which
may also be a therapeutic target. Prostaglandin D, (PGD,) is

produced in response to allergens, oxidative stress and cytokines
by mast cells, macrophages, eosinophils, dendritic cells, Th2
cells, and endothelial cells [160,1611. PGD, signals through the
D-type prostanoid receptor (DP;), the thromboxane receptor
(TX), or CRTH2 1621. CRTH2 is expressed on eosinophils,
basophils, macrophages and preferentially on Th2 lymphocytes,
and mediates the migration of these cells toward PGD, [162].
Importantly, its activation induces the production of pro-
inflammatory cytokines in Th2 cells, delays Th2 cell apoptosis,
and induces the production of PGD, from Th2 cells [161,163,164].
Thus, CRTH2 antagonists may have potential as asthma
treatments. There are three classes of CRTH2 antagonists,
tetrahydroquinoline, phenylacetic acids and indole-acetic acids,
and ramatroban and its analogues [165). The latter are the most
potent and work by either decreasing ligand-binding capacity
or decreasing the binding affinity of PGD, to CRTH2 [166,167).

CRTH2”" mice have reduced IL-4 and IL-5 production,
AHR, and IgE secretion in AAD [168]. In WT mice with
allergic dermatitis ramatroban analogs reduce mucus cell
hyperplasia and airway eosinophilia [169].

Although several Phase II clinical trials have been per-
formed, the available data is limited. Nevertheless, oral treat-
ment of steroid-naive moderate asthmatics, for 28 days with
a CRTH2 antagonist (OC000459) had favorable results for
peak flow, circulating IgE, FEV;, and quality of life 170).

2.4 Th2 cell signaling antagonists

Antagonizing common receptors (IL-4Rat and IL-3/IL-5/
GM-CSF PBc receptors) may reduce the effects of IL-4,
IL-13, IL-3, IL-5, and GM-CSF. However, common and
pivotal downstream intracellular signaling molecules that are
induced by these receptors could also be targeted and have
broad effects in suppressing Th2 responses.

The induction of the common IL-4Ro/IL-13Roul induces
intracellular signaling through signal transducer and activator
of transcription (STAT)6. This is a critical mediator of allergic
airway responses, although STATG6-independent pathways also
play important roles [1322.171). Specific STAT6 inhibitors
(AS1517499 or inhibitory peptides) have shown promising
efficacy by suppressing IL-13 responses, eosinophil influx into
the airways, lung inflammation, mucus hypersecretion, and
airway and bronchial smooth muscle hyper-responsiveness in
mouse models of acute asthma [172,173]. As STATG is less
commonly utilized than other pathways in the immune
system, including those of the Bc pathway, its inhibition is
less likely to have significant side effects.

IL-3, IL-5, and GM-CSF all activate Janus Kinase (JAK)
1 and JAK2 following ligand-receptor binding leading to
tyrosine phosphorylation of the Bc on six critical residues.
This induces the recruitment, phosphorylation and activation
of signal transducer and activator of transcription STAT1 and
5 1174-176]. The STATs then form homo- or hetero-dimers,
translocate to the nucleus and bind to the promoters of spe-
cific gene networks. The MAPK pathway extracellular signal
regulated kinase (ERK) is also critical for the proliferation
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and anti-apoptotic effects of IL-3, IL-5, and GM-CSF. Cyto-
kine stimulation of ERK is initiated by JAK2-induced phos-
phorylation of a single residue on the Pc chain, which
eventually leads to the activation of c-Fos, c-Jun, bcl-2, and
bcl-x 174-176). Small molecule inhibitors of JAK-mediated
tyrosine phosphorylation of the residues on the PBc chain
may hold the potential to suppress the allergic pathways
driven by these three cytokines. Natural endogenous inhibi-
tors within these pathways already exist and terminate signal
transduction. These negative feedback signals include those
that control the level of cytosolic phosphorylated substrates
like the tyrosine phosphatase SHP1 [177), or the inhibitor of
JAK2, cytokine signaling (SOCS)1 [178].

Broadly targeting either STATs, JAKs, or ERK by using
synthetic inhibitors may lead to unwanted side effects as these
signaling molecules play a multitude of roles in various
immune responses. Nevertheless therapeutic strategies could
be designed to bring aberrant responses back to normal levels
rather than completely abrogating them.

2.5 Th2 cell antagonists

The development, function of Th2 cells can be regulated by
Thl cells and Tregs and the cytokines they release (IFNs
and IL-12, and IL-10 and transforming growth factor-f3,
respectively) (21. Thus, these antagonists of Th2 cell function
may be potential asthma therapies.

2.5.1 Th1 cytokines

Thl cells and cytokines may be utilized to reduce Th2 cell
activity [2. Treatment with IFNs (IFN-o, IFN-B, and
IFN-y) and IL-12 to suppress Th2 responses, AAD and
asthma have been attempted in both mice and/or humans
but have failed both due to a lack of efficacy and adverse
effects (4. Long-term IFN-ol treatment of severe asthmatics
did suppress Th2 responses, improved lung function, and
reduced medication, symptoms, and exacerbations [179,180].
Th1 responses and IFN-y suppress mucus production and
eosinophilia in models of AAD [181] but this cytokine is also
implicated in the pathogenesis of severe asthma, exacerba-
tions, and in steroid resistance [4,8]. IL-12 treatment of mild
asthmatics suppressed eosinophilic inflammation but did not
suppress AHR or asthmatic responses [182]. Thus, along with
their lack of efficacy, Th1 cytokines may induce inflammation
and steroid resistance [4], and are not considered viable
therapeutic approaches to the treatment of asthma.

2.5.2 Treg-inducers

Treatment of asthma may be better achieved by enhancing the
numbers or effects of Tregs that suppress the activity of both
Thl and Th2 cells [21. In healthy individuals, Tregs play a
critical homeostatic role in modulating excessive inflamma-
tion and subsequent tissue damage. Allergic and/or asthmatic
subjects have reduced numbers of Tregs and/or their Tregs
have reduced suppressive capacity [183,184]. Numerous bacteria
and their components, as well as TLR agonists, have been

shown in many studies to induce Tregs and this approach
may be able to attenuate the features of asthma [25-28,185-188],
as we have recently reviewed [2). However, this is an emerging
concept, which is not as advanced as the anti-cytokine
field and developments in this treatment approach are
eagerly awaited.

2.6 Small interfering oligonucleotides

Recent studies have investigated the therapeutic potential of
post-transcriptional gene silencing (PTGS) to modulate the
expression of specific pathogenic RNA species and interfere
with disease pathogenesis. This can be achieved using synthetic
single stranded anti-sense oligonucleotides (ASOs) or small
interfering RNAs (siRNAs) that are complementary to their
target and may be modified to prevent degradation [189-191].
The inhibition of gene transcription is initiated by the enzy-
matic cleavage of long, non-coding dsRNA species into siRNA
that separate into single-stranded passenger and guide RNA
strands. The guide strand typically binds to a region of a target
messenger RNA (mRNA) with perfect complementarity and
the bound product interacts with the catalytic Argonaute
subunit of the RNA-induced silencing complex (RISC)
leading to either enzymatic cleavage of the bound mRNA or
translational inhibition.

ASOs are being developed into therapeutic strategies to
modulate the effects of T cells in the control of allergic
inflammation. Studies in mice have investigated the use of
AIR645, which targets the IL-4R0., and showed that it sup-
presses allergen-induced AHR and airway inflammation in
AAD [192].

Several ASOs are now in various stages of clinical develop-
ment [193]. AIR645 did not have sufficient therapeutic benefit
to justify further development [194). As is the case with anti-
cytokine therapy, combinatorial silencing of multiple patho-
genic signaling molecules and/or pathways is likely to deliver
the maximum clinical benefit. In this regard, TPI ASMS is a
combinatorial ASO that targets CCR3 and the PBc-chain of
IL-3/IL-5/GM-CSF receptors. In clinical studies, ASM8
reduced sputum eosinophil and total cell influx following
allergen challenge, early asthmatic responses and late phase
bronchoconstriction [195,196].

2.7 miRNAs

MicroRNAs (miRNAs) are short non-coding RNAs that
regulate gene expression post-transcriptionally by directly
blocking translation of their target mRNAs and/or by repres-
sing protein production via mRNA destabilization [197,198].
The understanding of the role of miRNAs in the regulation
of the immune system and inflammatory processes is only
just emerging. Importantly, miRNAs have the potential to
control differentiation and cell function by targeting one or
more pivotal mRNA transcripts that encode critical transcrip-
tional factors. These properties of miRNAs suggest that
selective modulation of their activity may hold great promise
for the treatment of human disease [199]. Recent reports
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document significant therapeutic benefit of targeting miRNA
in non-human primates and rodents [200-202]. Therapeutic
silencing of miR-122 in primates with chronic hepatitis C
virus infection induced prolonged suppression of viremia
and normalization of the interferon pathway, which corre-
lated with improved liver histology [203]. Recently we demon-
strated a critical role for miRNAs in the regulation of
inflammation in mouse asthma models of Th2 driven
asthma [34,204,205]. T'o do this we employed antagomirs (chem-
ically modified single stranded RNA analogues, complemen-
tary to the target miRNA) to induce long-lasting silencing
of specific miRNA and the 7z v7vo inhibition of miRNA func-
tion in the lung [34,204]. This approach demonstrated the crit-
ical importance of specific miRNAs in regulating gene
expression programs that control inflammation and AHR in
models of house dust mite-induced allergic eosinophilic
asthma. Blocking the function of miR-126 suppressed the
development of allergic inflammation by inhibiting the down-
stream expression of the Th2 specific transcriptional factor
GATA-3. Furthermore, targeting miR-145 function was as
effective as treatment with the anti-inflammatory glucocorti-
coid dexamethasone. These studies highlight, for the first
time, the potential of miRNAs as targets for new non-
steroidal anti-inflammatory treatments of asthma and other
respiratory diseases.

2.8 Combination therapies

In asthma there are different endotypes, and complex and
redundant regulatory mechanisms, which operate parallel
pathways that underpin similar disease processes. Thus, devel-
oping new treatments for asthma is difficult. It is unlikely that
presentation of any endotype will be underpinned predomi-
nantly by a single cytokine/inflammatory mediator or path-
way, and thus will not be amenable to single target therapy.
For example, collectively studies using models of AAD suggest
that it may be necessary to block IL-4, IL-5, and IL-13 to
inhibit many aspects of the disease concurrently, which could
be achieved through targeting the IL-4Rat/IL-13Rotl and at
the same time neutralizing IL-5 or the IL-5/IL-13/GM-CSF
Bc-receptor. Thus, the use of anti-IL-4Rot mAb or IL-4Rot
antagonist in combination with anti-IL-5 mAbs and/or anti-
GM-CSF would block IL-4, IL-13, IL-5, and GM-CSF
responses. This could be further refined with the future devel-
opment of a Pc-receptor antagonist which in combination
with an IL-4Ro antagonist. This would mean that a combina-
tion of two agents might suppress IL-4, IL-13, IL-3, IL-5, and
GM-CSF responses.

IL-25, IL-33, and TSLP are often induced simultaneously
and IL-33 can act synergistically with TSLP to enhance the
activity of mast cells, and with IL-3 promotes Th2 cytokine
release from basophils and eosinophils [206). Therefore, the
future development of agents that target these cytokines in
combination, particularly during the early phases of disease,
perhaps in high-risk individuals, may be an alternative approach
to targeting end-effector cytokines such as IL-5 and IL-13. Thus,

other combinations of therapies that not only target Th2
cytokines but also Th2-inducing cytokines may also be effective.

Therapies that combine Th2 antagonists with those that
induce Th2 suppressive responses, such as Tregs, or with anti-
inflammatories such as steroids may also be trialed in the future.
However, even blocking of multiple Th2 cytokines may only be
appropriate for some endotypes. Severe asthma may be under-
pinned by infection and other cytokines released by cells such
as Th1 and Th17 cells (3-10,17-20.23,105,207-211]. Therefore, again,
the use of different combinations of agents may be required
for different endotypes with IL-4, IL-5, and IL-13 being targets
in mild to moderate asthma whereas suppressing IL-5, IL-17,
and IFN-y may be more beneficial in severe asthma [32].

Thus, it is likely that combination therapy that targets the
critical mediators will be required for maximal therapeutic
benefit. Nevertheless, targeting of single mediators or cells is
showing efficacy in individuals where the target has demon-
strable activity at the time of treatment. In addition, it must
be remembered that complex therapies have their own phar-
macokinetic and regulatory problems, and are unlikely to be
approved in the near future due to the regulatory and safety
concerns. Depleting a range of cytokines may have off-target
effects and predispose to infection, which may even increase
asthma severity and exacerbations, or malignancy. These
possibilities could be minimized by short-term treatment
that aims to normalize aberrant responses rather than
completely inhibit them. Existing treatments that target the
minimum number of pivotal components (e.g., IL-4Ro/
IL-13Roul) may be most acceptable in the near term.

3. Patient stratification for optimal treatment

In general, most asthmatics present with similar physiological
symptoms, although these vary in severity and responsiveness
to steroids [91. It has been long recognized that asthma is a het-
erogeneous disease with multiple phenotypes [1,4]. Recent clin-
ical trials in moderate-to-severe asthma using various
inhibitors of Th2-related factors have often been disappoint-
ing, despite showing efficacy in animal models. With multiple
Th2-related targets now in clinical trials, the identification of
molecular biomarkers for disease stratification is likely to be
most important for optimal treatment. Identification of
patient cohorts, using molecular biomarkers, who are most
likely to respond to targeted therapy will be important in
future design of clinical trials. The classification of patients
into cither Th2"®" or Th2'°™ phenotypes based on the expres-
sion of biomarkers may be useful in predicting those most
likely to respond to targeted therapy. Indeed, increased
expression of the molecular biomarkers periostin, CLCAL,
and SERPINB2 are robust predictors of a Th2"" pheno-
type [212]. They are likely to be useful in identifying those
most likely to respond to therapies targeting Th2-related
factors, such as in the trial with and-IL-13 by Corren
et al. 49). More effort is required to classify asthmatics into
distinct molecular phenotypes, such as Th2"&" or Th2'*¥
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and validation of new therapeutics should be performed in the
relevant asthma subtypes. Such studies should then lead to the
development of optimized “personalized medicine” for
asthmatic patients.

4. Conclusion

In order to develop the most effective asthma therapies we
must utilize the full spectrum of tools available to us. The
contribution of Th2 cytokines to asthma and their targeting
has been identified and elucidated in mouse models and
validated in 7z vitro and in vivo human studies. This has led
to the development of antagonists for use in human trials.
Th2 antagonists show substantial promise in the treatment of
asthma. Antagonists against IL-4 have limited beneficial effects
and these are predominantly linked to factors associated with
the inception of disease. Anti-IL-5 has been demonstrated to
have substantial beneficial effects in poorly controlled and/or
cosinophilic asthma and targeting IL-13 is effective in
asthmatics that show this cytokine is biologically active.
Nevertheless, these treatments remain to be fully explored
and it has become clear that it is critical to perform trials in
well-characterized patients that have demonstrable activity of
the target of the therapeutic agent in the diseased state at the
time of treatment. Further studies using such highly charac-
terized patient cohorts at a cellular and molecular level are
eagerly anticipated. A unified approach to inhibiting Th2
cytokine function may be achieved by targeting receptors
that are utilized in common by these cytokines such as the
IL-4Ro/IL-13Rol  and  IL-3/IL-5/GM-CSF Bc  receptors.
Targeting Th2 initiating factors may be beneficial in suppres-
sing the inception of disease, and enhancing endogenous
antagonists of Th2 cells, such as Tregs, may also be effective
in this regard. Animal models and human studies have
revealed the complexity of asthma pathogenesis and the pres-
ence of many compensatory mechanisms that regulate patho-
genic pathways. Thus, combination therapies may prove to
be the most beneficial approach to treatment in the future.

5. Expert opinion

Current treatments for asthma are corticosteroids and long
acting [B-agonists. They suppress the symptoms of disease but
do not treat the causes of asthma, efficacy wanes over time,
many patients are not compliant and 5 - 10% of asthmatics
are refractory to this treatment approach. Th2 cytokine

antagonists show promise for treating the causes of asthma and
they may eventually become the standard approach to therapy
in specific sub-groups of patients. In isolation, IL-5 and
IL-13 antagonists have been successfully used in specific endo-
types of asthma. Their efficacy and broader applicability may
be further enhanced by targeting other pivotal factors such as
commonly used cytokine receptors, which control multiple
cytokine signals. Indeed, targeting the IL-4Ro/IL-13Rol that
suppresses IL-4 and IL-13 signaling has been shown to be bene-
ficial in asthma. In the future therapies must be tailored to treat
specific cohorts characterized by common factors that underpin
active disease at the time of treatment. Mild to moderate asthma
is likely to benefit from combination therapies targeting
IL-5 and IL-13 or their receptors, whereas severe asthmatics
may benefit from anti-IL-5 and anti-IFN-y therapies. The
ultimate goal is to provide tailored targeted intervention for
specific individuals in well-defined patient cohorts.

There is much debate over the use of mouse models to
identify therapeutic targets. The data presented demonstrate
that if interpreted carefully and applied to appropriate patient
cohorts in well-designed clinical trials, mouse models are valu-
able preclinical tools for understanding disease pathogenesis
and target identification.

In the future, entirely new approaches may be taken in
asthma treatment that will target the fundamental causes
and exacerbators of asthma. These include not only the
Th2-inducing cytokines but also respiratory infections by
viruses and bacteria for the induction and exacerbation of
asthma (3,6,7,17,18], as we have recently reviewed [3,207,208]. For
example, treatments such as macrolides that target infections
but are also immune-modulatory may prove beneficial [213].
Targeting miRNAs that are shown to be important in asthma
pathogenesis may also be novel approaches to prevention
and treatment.
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