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IL-4 and IL-13 are pleiotropic Th2 cytokines produced by a wide variety of different cell types and respon-
sible for a broad range of biology and functions. Physiologically, Th2 cytokines are known to mediate host
defense against parasites but they can also trigger disease if their activities are dysregulated. In this
review we discuss the rationale for targeting the IL-4/IL-13 axes in asthma, atopic dermatitis, allergic
rhinitis, COPD, cancer, inflammatory bowel disease, autoimmune disease and fibrotic disease as well as
evaluating the associated clinical data derived from blocking IL-4, IL-13 or IL-4 and IL-13 together.
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1. Introduction

IL-4 was first cloned in 1986 from a mouse T cell line and was
known as IgG1 induction factor [1]. In the same year the human
IL-4 ortholog was cloned from a concanavalin A-activated human
T-cell cDNA library and found to be a 153aa protein with a signal
sequence that stimulated helper T cell and anti-IgM activated B cell
proliferation [2]. Both human [3] and mouse [4] IL-4 were shown
to induce IgE production from B cells and mouse [5] and human
IL-4 [6] shown to be secreted by Th2 cells.

IL-13 was similarly cloned in 1989 from concanavalin
A-activated mouse T-cells and was initially known as p600 [7], a
protein secreted by Th2 cells. The human IL-13 ortholog was
cloned by 2 teams [8,9] from activated human lymphocytes as a
132aa protein with a signal sequence that inhibited LPS-induced
IL-6 production by peripheral blood mononuclear cells (PBMC)
[8], stimulated PBMC MHC II and CD23 expression and induced B
cell proliferation and immunoglobulin production [9]. IL-4 and
IL-13 are 20–25% identical but with higher identity in the first
and last alpha-helical regions [8] known to be key for IL-4 activity
[10].

IL-4 mediates its biological effects by binding to IL-4Ra; sub-
sequently either gamma c or IL-13 receptor alpha 1 (IL-13Ra1)
are recruited to form a signaling complex [11]. IL-13 mediates
its biological effects by binding to IL-13Ra1 and then recruiting
IL-4Ra to form a signaling complex [11,12]. IL-4:IL-4Ra:cc,
IL-4:IL-4Ra:IL-13Ra1, IL-13:IL-13Ra1:IL-4Ra all signal through
STAT6 [13]. Studies on the activated IL-4/IL-4Ra complex show
that receptor components cluster densely on, and just beneath,
the cell membrane in early sorting and recycling cortical endo-
somes trafficked via a constitutive internalization process [14].
Sources of IL-4 and IL-13 and cell types expressing the receptors
are shown in Fig. 1.

Polymorphisms in the IL-4/IL-13 axis exist and modulate func-
tion positively and negatively. Q576R IL-4Ra is a
cytoplasmic-IL-4Ra mutant associated with atopy [15]; I75V is
an extracellular-IL-4Ra mutant that when combined with Q576R
mediates enhanced pharmacodynamic effects compared to WT
IL-4Ra and is associated with atopy [15] and atopic asthma [16].
R130Q IL-13 has been associated with asthma, atopy and increased
serum IgE [17–19] and shown to activate the signaling of IL-13Ra1
and downstream functions more efficiently, and binding to the
decoy receptor (IL-13Ra2) less efficiently, than WT IL-13 [20].
Additionally R130Q IL-13 is more stable in human plasma than
WT IL-13; patients homozygous for R130Q have higher serum
IL-13 levels than non-homozygotes [21]. Finally R130Q expression
causes an elevated pharmacodynamic effect via Q576R I75V IL-4Ra
compared with WT IL-4Ra [22]. On the other hand, IL-4d2 is a poly-
morphic form of IL-4 generated by deletion of exon 2 from IL-4
mRNA [23] which acts as a functional antagonist of IL-4 at
IL-4Ra [24]. Other negative regulators include soluble IL-4Ra,
formed by a stop codon in exon 8 of the 12 exons present for the
full length protein [25], and membrane IL-13Ra2 which lacks a sig-
nificant cytoplasmic tail and is generally considered to be a decoy
[26], involved in removing IL-13 by internalization [27],
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(A)

Fig. 1. Cellular sources of, and responding cell types to, (A) IL-4 and (B) IL-13. All references are from human systems unless noted in superscript. Arrows denote sources of IL-
4 or IL-13. (See above-mentioned references for further information.)
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Fig. 1 (continued)
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particularly in humans [28] where soluble IL-13Ra2 is not present
due to lack of a differential splice site [29,30]. However there is an
emerging literature associating IL-13Ra2 with fibrosis [31] and as a
receptor for chitinase 3-like 1 [32]. STUB1, an intracellular ubiqui-
tin ligase, has just been shown to interact with IL-4Ra and shuttle
it for degradation thereby decreasing IL-4/-13 signaling [33].

Both IL-4 and IL-13 reside on human chromosome 5q23-31
[34,35] in a cluster of allergy-related genes including GMCSF,
IL-3 and IL-5 [36]. This cluster has been repeatedly linked with
an increased risk of allergic-disease development (reviewed in
[37]). The broad similarity in biological function, signal transduc-
tion, gene structure [38] and genomic localization of IL-4 and
IL-13 have led to speculation that they may have arisen via gene
duplication [39]. It is tempting to speculate that the natural advan-
tage of having a highly active Th2 system is optimal extracellular
parasite rejection [40]. In support of this genetic analysis suggests
the 5q31 complex is under intense selection pressure in geograph-
ical regions with endemic parasites [41] and Schistosoma mansoni
egg counts are lower in individuals with the gain of function
Q130R IL-13 mutation [42].

Based on the broad biology of these 2 similar cytokines that has
clear links to human disease, substantial efforts have been made to
develop effective agents to block them. The types of approaches
that have been tried and the rationale supporting them in the var-
ious disease areas will be covered in the following sections.
2. Asthma

2.1. Introduction

Asthma is a complex, persistent, heterogeneous inflammatory
disease characterized by airways hyperresponsiveness (AHR) in
association with airway inflammation. AHR drives reversible air-
way obstruction that is the archetypal feature of asthma. Mild
asthma is treated with short-acting beta-2 agonists (SABA). As
severity worsens to moderate or severe, treatment is correspond-
ingly intensified with increasing doses of inhaled corticosteroids
(ICS) and long-acting beta-2-adrenoceptor agonists (LABA) supple-
mented, in the worst cases, with oral corticosteroids (OCS).
Therapy is focused on giving the patient ‘control’ or a relatively
normal life not restricted by their asthma [43]. Although current
therapy controls asthma for the majority of patients, it is recog-
nized that a significant proportion of asthmatics are inadequately
controlled even with maximal steroid treatment [44]. It is in this
most severe space that biologics have utility; the only licensed bio-
logic in 2015 is omalizumab (Xolair, Genentech, South San
Francisco, CA, USA/Novartis, East Hanover, NJ, USA) which was
approved in 2003 for the treatment of moderate-to-severe, persis-
tent allergic asthma in patients whose symptoms are inadequately
controlled by inhaled corticosteroids. Omalizumab acts primarily
by blocking IgE in the serum from binding to the high affinity IgE
receptor (FceRI) on mast cells and basophils thus preventing their
activation by allergens. As described below IL-4 and IL-13 are
active in severe asthma. Intense investigations are being under-
taken to understand whether neutralizing the IL-13 and/or IL-4
axes will bring clinical benefit to patients.
2.2. Disease expression

The preponderance of eosinophils [45] and Th2 cells [46] and
the presence of heterogeneity, that not all asthmatics are eosino-
philic, have long been recognized in severe asthma [47]. Multiple
studies have explored the link between IL-4 and IL-13 and asthma.
IL-4 mRNA and protein are increased in bronchial biopsies, bron-
choalveolar lavage (BAL) fluid and exhaled breath condensate
(EBC) from asthmatics compared with control subjects [48–54].
IL-4 BAL expression is stimulated by allergen challenge in asthmat-
ics [55,56]. Similarly IL-13 mRNA and protein are also increased in
bronchial biopsies, sputum and BAL fluid from asthmatic compared
with control subjects [49,57–59]. BAL IL-13 expression is also stim-
ulated by allergen challenge in asthmatics [55,60]. Cigarette
smoke-exposed pediatric asthmatics have been shown to have fur-
ther elevations in IL-13 protein expression compared to
non-smoke exposed pediatric asthmatics [61]. A variety of differ-
ent cells can act as sources of IL-4 and IL-13 in the asthmatic lung
(Fig. 1). A major source is likely to be Th2 cells; these cells are pre-
sent in the asthmatic lung as demonstrated by the observation that
IL-5 and IL-13 were secreted from allergen-challenged (DerP1),
cultured bronchial biopsies in a CTLA4-Ig dependent fashion [62].

Lung IL-4 expression is associated with therapy utilization. In a
pediatric population steroid-naïve asthmatics had higher IL-4 in
EBC than healthy controls or ICS-treated asthmatics; IL-4 was mea-
surable in all samples [53]. EBC IL-4 was also upregulated in mild
adult asthmatics compared to healthy controls; ICS were shown
to have a time-dependent suppressive effect on EBC IL-4 [54].
Oral prednisolone treatment of adult moderate asthmatics
decreased the number of IL-4 mRNA positive cells in bronchial
biopsies in the context of reduced AHR and improved lung function
(increased forced expiratory volume in 1 s (FEV1)) [63]. IL-4 was
rapidly consumed in in vitro culture [64] and hence likely drives
more biology than its measured levels would suggest.

Lung IL-13 expression is correlated with both asthma severity
and control. Mild steroid-naïve asthmatics and severe asthmatics
who have poor control despite standard of care up to, and includ-
ing, OCS had higher levels of sputum IL-13 than non-asthmatics
[65]. IL-13 expression in moderate asthmatics, who are controlled
by ICS, was equivalent to non-asthmatics [65]. Of note only 38% of
the severe and 44% of the mild asthmatics had measurable IL-13 in
their sputum [65].

Further light has been shed on the molecular, protein and cellu-
lar basis underlying the heterogeneity in asthma. Seminal work
studying bronchial brushings from mild asthmatics demonstrated
the presence of a clear dichotomy where patients were either
Th2 high (IL-13, IL-5 gene and protein expression) or Th2 low
(no Th2 mRNA or protein expression above control patients) [66].
Th2 high, but not Th2 low, patients responded to ICS with an
improved FEV1 and Th2 high patients had more AHR, higher serum
IgE, higher BAL and blood eosinophils than Th2 low patients [66].
Taken together it seems clear that IL-4 and IL-13 are closely asso-
ciated with at least a proportion of human asthma.

2.3. Genetic data

As detailed in Table 1 individual, or pairs, of polymorphisms in
IL-4, IL-13 and the associated receptor IL-4Ra, but not IL-13Ra1,
are associated with the risk of developing asthma and the severity
of disease. A holistic genetic analysis of polymorphisms shown to
cause functional change across the IL-4/-13 axis in 2240 German
children showed that risk was cumulative; the maximum odds
ratio of developing asthma for a single SNP was 1.6 (IL-4
C-589T), for two SNPs was 4.6 (STAT6 C2892T and IL-13
C-1112T) and for three SNPs was 27 (STAT6 C2892T, IL-13
C-1112T and IL-4 C-589T) [67]. More recent publications of
genome-wide association studies (GWAS) have confirmed the
importance of the Th2 axis, encompassing IL-4 and IL-13, in gen-
eral. Analysis of GABRIEL containing 10,365 patients with asthma
and 16,110 non-asthmatics showed highly significant associations
of IL-33 (an epithelial cytokine associated with driving Th2 disease
through, amongst other cytokines, IL-13 and IL-5) and significant
associations of IL-13 with asthma [68]. A recent GWAS including
1173 and 2522 controls but focusing on severe pediatric asthma



Table 1
Genetic polymorphisms in the IL-4 and/or IL-13 axes and their disease association.

Gene and region Mutation Disease Observed link

IL-4 promoter C to T �285
A to G �81

– Enhanced IL-4 transcription via tighter AP-1 interaction [376]

C to T �589 Mild asthma TT allele associated with 4.5% lower FEV1 than CC allele in 682 white asthmatics [377]
Asthma 15,164 person meta-analysis demonstrated increased odds ratio of asthma in the TT/TC vs CC

haplotypes [378]

IL-4Ra extracellular coding Ile75Vala – Increased IL4Ra receptor signaling [379]
Atopy Increased odds ratio of Ile75 homozygote being atopic, having IgE > 400 IU/mL, being specific

HDM IgE positive versus Val50 homozygote [379]
Asthma Increased odds ratio of Ile75 homozygote being an atopic asthmatic in Japanese, not UK,

population [17]
Only V75 and R576 combination was associated with allergic asthma, V75 alone was not [16]

IL-4Ra intracellular coding S503Pa Atopy P503 or R576 independently associated with lower serum IgE; combination of P503 and R576
most strongly associated [380]
S503 associated with elevated serum IgE versus P503; combination of S503 and IL-13-1055 CT/
TT has an odds-ratio of 5 for asthma development compared to the WT genes [381]

G to A 1902
Q576Ra

Atopy 9.3x increase in relative risk of atopy for those with mutant (RR/RQ), versus wild-type (QQ),
allele [15]

Q576Ra Asthma Only V75 and R576 combination was associated with allergic asthma, R576 alone was not [16]
Meta-analysis of 17 studies identified an odds-ratio of 1.8 for the R551 variant with atopic
asthma [382]

Atopic dermatitis R576 allele associated with AD in patients up to 6 months of age who had not been given
antibiotics [383]

Smokers RR 576 allele associated with rapid decline (�4.1%/yr) in lung function; association became
stronger in subjects with the �1055 TT IL-13 promoter haplotype or the IL-13 130RR
haplotype [384]

E400A and
Q576R

Asthma Presence of both minor alleles associated with clinical history of severe exacerbation and
lower lung function [385]

IL-13Ra1 promoter �281T > G Asthma No association of polymorphism with asthma [386]
IL-13Ra1 non-coding A1398G – Increased odds ratio of high serum IgE [17]

Asthma No association of polymorphism with asthma [386]

IL13Ra1 transmembrane
region

C1050T – Observed at 3% incidence in Japanese population [387]
L350L

IL-13 non-coding �C1055T Allergic asthma TT genotype associated with allergic asthma and altered regulation of IL-13 production from T
cells [388]. TT genotype associated with increased promoter activity in Th2 cells [389]

Asthma TT genotype associated with allergic asthma with positive skin prick test, asthma and BHR
[390]

Atopy Associated with elevated serum IgE [391]
Atopic dermatitis Homo- or hetero-zygotes for 2282del4 FLG loss of function mutation with CT �1055 IL-13

genotype have a 6.4-odds ratio of developing AD compared with wild-type CC �1055 IL-13
genotype [392]

Allergic rhinitis T allele associated with risk of developing rhinitis [393]
Smoking-associated
rate of lung
function
decline

�C1055T not independently associated with lung function. CC/CT associated with 2.4% and TT
associated with 8.2% reduction in mean% predicted FEV1 for each cumulative 20 pack year
exposure [394]

COPD �1055T allele was more common in COPD patients than healthy controls or smokers with
normal lung function. IL13 Q130R polymorphism was not associated [395]

G4794A Asthma AA genotype associated with asthma with positive skin prick test, positive skin prick test and
asthma [390]

IL-13 coding R130Q Asthma Q allele associated with increased odds ratio of atopic and non-atopic asthma and elevated
serum IL-13 [17]
Q allele associated with asthma [396]
Q allele associated with elevated serum IL-13 in asthmatics and non-asthmatics [21]
Asthmatic children expressing Q130 IL-13 had elevated eosinophils and serum IgE compared
to asthmatic children expressing WT R130 IL-13 in 2 independent populations [397]
Children with Q130 IL-13 had an increased odds ratio of developing subsequent wheezing
compared to the WT R130 IL-13 [398]
Q130 homo- or hetero-zygotes associated with 2.3 odds ratio for developing asthma [393]

Reduced lung
function

Children expressing the Q130 IL-13 variant had lower lung function (FEV1) than those
expressing WT R130 [399]

Atopy Q130 associated with elevated serum IgE [19,391,396]
Atopic dermatitis Q allele associated with increased odds ratio of high serum IgE and atopic dermatitis [18]

Q allele more prevalent in AD patients than non-AD controls but Q allele not associated with
blood eosinophil counts or serum IgE level [400]
Children hetero- or homo-zygous for Q130 IL-13 and hetero- or homo-zygous for STAT6
(rs1059513) had a 1.52 or 2.01 [replication study] relative risk of developing AD compared to
wild-type homozygotes for both genes [401]

Allergic rhinitis Adults hetero- or homo-zygous for Q130 IL-13 had an odds ratio of 3.6 or 4.3 of having AR
compared to wild-type homozygotes [402]
Adults hetero- or homo-zygous for Q130 IL-13 had an odds ratio of 1.24 of having AR
compared to wild-type homozygotes [403]

a Numbering includes 25aa signal peptide.
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characterized by exacerbations also associated IL-33 with disease
[69].

2.4. Animal model data

There are a vast number of in vivo studies implicating the IL-4
and IL-13 axes in animal models of allergic lung inflammation
which mimic key aspects of a key subpopulation of human asthma.
Transgenic overexpression of IL-4 in the mouse lung using a Clara
cell 10 (CC10) promoter caused profound eosinophilic, lympho-
cytic and neutrophilic inflammation, epithelial hypertrophy associ-
ated with mucus hypersecretion, increased baseline lung
resistance but no AHR [70]. IL-4 gene ablation or prophylactic anti-
body neutralization of IL-4, from initial sensitization through chal-
lenge, identified a crucial role for IL-4 in the initiation but not
maintenance of the classic mouse allergen sensitization and chal-
lenge Th2 phenotype of lung eosinophilia [71] and AHR [72].
Similar effects in an allergic mouse model of reduced AHR and
reduced serum total and specific IgE were seen if soluble IL-4
receptor was dosed prophylactically, either systemically or locally
via nebulization [73]. Later mouse allergen sensitization and lung
challenge studies demonstrated that locally, but not systemically,
administered soluble IL-4 receptor could effectively ablate lung tis-
sue and BAL eosinophilia and airway mucus occlusion but not AHR
[74]. Interestingly 20 lg recombinant human IL-4 nebulized to
mild allergic asthmatics caused increased AHR and elevated eosi-
nophilia at 24 h [75].

Recombinant IL-13 administered to the airways of
allergen-naïve mice caused AHR, airway inflammation and mucus
production [76,77]. Transgenic overexpression of IL-13 in the
mouse lung causes similar pathologies although chronic exposure
results in the development of fibrosis [78]. The same ‘asthmatic’
lung phenotype is generated following lung allergen challenge in
allergen-sensitized mice and is also associated with expression of
IL-4 and IL-13 [72]. A potent IL-13 neutralizing agent, soluble
IL-13Ra2-Fc, inhibits AHR, mucus hypersecretion and pulmonary
inflammation associated with allergic mouse lung inflammation
[76,77]. IL-13-deficient mice do not develop AHR in an allergic lung
inflammation model [79]. In an analogous model
IL-13Ra1-deficient mice do not develop AHR, elevations in serum
IgE or mucus hypersecretion although BAL eosinophils are reduced
by only approximately 30% [80]; a separate study replicated these
data but found that elevations in serum IgE upon sensitization and
challenge were not IL-13Ra1-dependent [81]. These observations
have been extended into non-human primates (NHP) using some
of the IL-13 neutralizing antibodies considered for human testing;
IMA-638 reduced both BAL eosinophilia and BAL neutrophilia [82]
and CAT-354 inhibited AHR and BAL eosinophilia [83] in cynomol-
gus monkey segmental allergen challenge models.

Neutralization of both mouse IL-4 and mouse IL-13 using an
IL-4Ra-blocking antibody reduced AHR and ablated BAL eosino-
phils but not BAL neutrophils or lymphocytes [84]. Similar effects
were obtained with a truncated IL-4 that binds to, but does not
activate, IL-4Ra [85]. STAT6-deficient mice, unable to transduce
IL-4 or IL-13 signals, did not develop AHR, mucus hypersecretion
or elevations in serum IgE although BAL eosinophils were only par-
tially diminished in a standard sensitization and lung challenge
model [86]. STAT-6-deficient mice also had elevated levels of lung
T regulatory cells numbers [87] suggesting that IL-4 and IL-13 nor-
mally suppress T regulatory cells. When STAT-6 was reconstituted
only in the lung epithelia of IL-13-overexpressing mice AHR and
mucus hypersecretion, but not BAL eosinophilia or fibrosis, pheno-
types returned implicating the epithelium as a key IL-13 target cell
type in the asthmatic phenotype [88]. Cynomolgus monkey testing
of the IL-4 mutant pitrakinra demonstrated that local (inhaled)
dosing delivered similar effects, of reduced AHR and a trend
toward decreased lung eosinophils, as systemic (subcutaneous)
dosing [89]. This important study confirmed the notion that neu-
tralization of IL-4 and IL-13 in the lung, rather than the periphery,
is important for efficacy against AHR and eosinophilia in models
mimicking key aspects of human asthma.

2.5. In vitro data

The biology of IL-4 and IL-13 is complex. IL-4 and IL-13 are pro-
duced by multiple cell types and act pleiotropically on a variety of
responsive cell types (see Fig. 1) to mediate a variety of effects that
taken together can be hypothesized to closely mimic the human
asthma phenotype. The following studies are from human systems
unless otherwise noted.

2.5.1. Atopy
IL-4 drives Th0 to Th2 polarization [90] although it should be

noted that Th2 development can occur in vivo in IL-4-deficient
mice through an unknown mechanism [91] which in mice may
include T cell-activation derived IL-2 and innate lymphoid cell type
II (ILC2) CD80 and CD86 [92]. Both IL-4 [93] and IL-13 [94] induce B
cells to undergo isotype switching and produce IgE. IL-4 induces
nasal mast cells to upregulate cell surface FceRI [95]. IL-13 upreg-
ulates human lung mast cell (HLMC) FceRI expression and
increases histamine release following IgE/anti-IgE activation [96].

2.5.2. AHR
IL-13 directly modulates airway smooth muscle (ASM) contrac-

tility through potentiation of contractile agonist-induced calcium
mobilization [97] at least in part via upregulation of cyclic ADP
ribose hydrolase (CD38) [98]. IL-13 antagonizes smooth muscle
relaxation induced by b2-adrenoceptor agonists [99].

2.5.3. Inflammation
IL-4 and IL-13 upregulate VCAM-1 on the surface of vascular

endothelium [100] which facilitates eosinophil adhesion via
VLA-4 [101]. IL-4 [102] and IL-13 [103,104] can synergize with
other cytokines found in the asthmatic lung, such as TNF-a [105]
or TGF-b1 [106], to induce fibroblasts to synthesize eosinophil
chemoattractants such as eotaxin-1. IL-4 and IL-13 induce release
of the granulocyte survival factor GMCSF [107] and IL-8 [108] from
airway epithelium. IL-4 potentiates IFN-c induced [109], and IL-13
independently induces [110], iNOS production from primary bron-
chial epithelial cells. IL-4 and IL-13 cause eotaxin release from pri-
mary human airway smooth muscle cells (HASM); these responses
synergize with IL-1b [111] or TNF-a [112]. IL-4 and IL-13 upregu-
late eosinophil cell surface CD69 and prolong survival; these
effects are synergistically increased by TNF-a [113].

2.5.4. Mucus production
IL-4 induces mucus production in the pulmonary mucoepider-

moid carcinoma cell line, NCI-H292 [114]. IL-4 causes resting
HBECs to switch from an Na+-absorptive to an anion-secretory
phenotype [115] and causes primary ALI cultures to increase the
goblet cell-associated mRNAs MUC5AC and MUC2 [116]. IL-13
decreases the proportion of ciliated cells [117] and increases the
proportion of goblet cells [117] and induces a switch to an epithe-
lial secretory phenotype in primary epithelial cell culture
[115,118].

2.5.5. Fibrosis
IL-4 induces a-smooth muscle actin and collagen 3 expression

by normal human lung fibroblasts [119]. IL-13 indirectly causes
asthmatic airway fibroblasts to secrete collagen I via MMP-2
released TGF-b1 [120]. IL-13 also causes bronchoscopy-derived pri-
mary asthmatic lung fibroblasts to migrate through matrigel in a
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TGF-b-dependent fashion [121]. IL-13 induces bronchial
biopsy-derived primary lung epithelial cells to release TGF-b2 in
a corticosteroid-insensitive fashion [122]. IL-4 and IL-13 induce
endobronchial biopsy-derived primary lung fibroblast proliferation
from mild but not severe asthmatics [123].

2.6. Treatment hypothesis

Asthma standard of care seeks to improve airway patency and
overcome reversible airway obstruction (SABA, LABA) or to sup-
press inflammation (ICS, OCS) or deliver both (theophylline).
Theophylline suppresses IL-4 [124] and steroids suppress IL-4
[54,63] and IL-13 [65,66] in the human lung yet IL-13 is still detect-
able despite maximal therapy in the most severe patients [65].
Pollution can be a contributory factor; 2 ppm nitrogen dioxide
(NO2) upregulates IL-13 in bronchial epithelium [125] and diesel
exhaust particles stimulate asthmatic PBMCs to produce more
IL-4 than non-asthmatic PBMCs [126]. As IL-4 and IL-13 are present
in symptomatic asthmatics, are downregulated by effective treat-
ment but remain elevated in patients who remain uncontrolled
despite maximal standard of care and drive pathology-relevant
biology they would seem to be logical therapeutic targets.

Biologics are high-cost therapies and as such will tend to be
used on the most severe patients and be expected to address the
unmet medical need of that patient group. One of the key issues
for this severe patient population is exacerbation which can result
in deleterious consequences ranging from several weeks off work
or school to hospitalization or even death. One of the key drivers
of asthma exacerbations is viral infection which is present in up
to 80% of children with an asthma exacerbation in a primary care
setting [127] and 78% of patients admitted to hospital with acute
asthma (83% of these viral infections were identified as human rhi-
novirus (HRV)) [128]. Viruses primarily infect airway epithelium;
transfection of the viral dsRNA mimic polyIC into BEAS-2B epithe-
lial cells upregulated IL-4Ra and cc which when stimulated with
IL-4 resulted in increases in the eosinophil chemoattractant
eotaxin 3 [129]. IL-13 increases the proportion of goblet cells in
primary tracheal epithelial cell ALI culture; HRV preferentially
infected goblet cells indicating that IL-13-treated epithelium was
more susceptible to infection than untreated epithelium [130].
Rhinovirus has been shown to induce a type I (IL-12, IFNc)
response in non-asthmatic PBMCs but a mixed type I (lower than
non-asthmatics) and II (IL-4, IL-10) response in atopic asthmatic
PBMCs [131]. Viruses induce a CD8 response; CD8 cells from atopic
asthmatics secrete IL-13 and IL-5 upon TCR engagement, both of
which are enhanced by the presence of IL-4 [132]. Experimental
rhinovirus infection of asthmatics and non-asthmatics shows that
asthmatics develop an increase in BAL eosinophils, elevated nasal
wash IL-4 and IL-13 and increased viral load compared to
non-asthmatics [133].

Recent mouse data from a helminth model suggests that IL-4
and IL-13 activation of STAT-6 in macrophages skews toward an
M2 phenotype via production of Ym1 and generally downregulates
the host CD8 T cell response [134]. IL-4 and IL-13 signaling through
STAT-6 downregulates T regulatory cell numbers [87]. Atopic
patients also have the potential for a skewed immune response
to common bacterial antigens. When T cells specific for purified
protein derivative (PPD) were cultured with APCs and PPD antigen,
T cells derived from atopics produced IL-4, IL-5, IL-2 and IFN-c
whereas those derived from normals produced IL-2 and IFN-c
[135]. Together these mechanisms could reduce anti-viral, and
potentiate allergic, responses in the asthmatic lung.

IL-4 and IL-13 are associated with mechanisms of steroid resis-
tance. The glucocorticoid (GC) dexamethasone drives apoptosis in
T cell lines via downregulation of nuclear factor of kappa light
polypeptide gene enhancer in B-cells inhibitor alpha (IjBa); IjBa
downregulation is functionally antagonized by IL-2 in Th1 cells
and IL-4 in Th2 cells [136]. Asthmatics upregulate glucocorticoid
receptor b (GRb) which binds GCs but antagonizes the transactivat-
ing activity of the active receptor GRa; GRb can be upregulated in
normal, or maintained in asthmatic, PBMCs by IL-4/IL-2 [137].
IL-13 alone reduced monocyte GR affinity to a similar extent as
IL-2/IL-4 combination which could be demonstrated in decreased
effect of hydrocortisone on LPS-induced IL-6 production [138].

Mast cells are key mediators of the allergic response and release
multiple pro-asthmatic mediators, including IL-4 [139] and IL-13
[140], upon activation by cell membrane-bound IgE cross-linking.
Mast cells in the lung smooth muscle bundle are a cardinal feature
of asthma [141] and are similarly upregulated in the epithelium of
Th2 high patients [142]. In addition to upregulating mast cell FceRI
expression to further increase allergen sensitivity [95,96], IL-13
induces epithelial cells to produce SCF [142] thereby providing a
key survival signal for mast cells.

Taken together suppressing the IL-4 and IL-13 axes in asthma
has the potential to reduce mucus hypersecretion, a key factor in
fatal asthma due to airway obstruction (reviewed in [143]), reduce
AHR, eosinophilia and fibrosis development, improve responsive-
ness to standard of care (LABA/ICS plus SABA), and rebalance the
immune phenotype by decreasing Th2 polarization, reducing mast
cell populations in the epithelium and smooth muscle, increasing T
regulatory cells and the host response to viruses, resulting in
improved symptoms and decreased exacerbation rate.

2.7. Clinical experience

Early asthma efficacy trials seek improvements in control, often
via the asthma control questionnaire (ACQ) which includes mea-
sures of rescue medication (SABA) use, and increased airflow mea-
sured by increased FEV1. In later phase trials the focus is on
exacerbation rate reduction. The minimally important differences
(MID) are 0.5 in ACQ [144], 10% in FEV1 [145] and 0.8 puffs/day
in SABA use [146]; there is no published MID for exacerbation rate
reduction but it is notable that omalizumab (anti-IgE, Novartis)
was approved by NICE for use by the UK’s National Health
Service (NHS) on the basis of data demonstrating a 45% reduction
in severe exacerbations in a high risk subgroup (previous hospital-
ization) [147].

The first approach modulating the IL-4 or IL-13 axes tested was
the IL-4 neutralizing recombinant soluble IL-4 receptor, altrakin-
cept (sIL-4Ra from Immunex/Amgen), which was initially studied
in a 25-patient, single nebulized dose trial with a primary endpoint
of safety [148]. Moderate ICS-taking atopic asthma patients
stopped their ICS the day before being dosed with nebulized pla-
cebo, 500 lg altrakincept or 1500 lg altrakincept in a 2.5 mL vol-
ume. Altrakincept was well tolerated and had a serum half-life of
6–8 days after nebulized administration (t0.5 as unpublished obser-
vation in [148]). As compared to placebo the 1500 lg altrakincept
group had improved FEV1 (day 4 change from baseline % predicted
FEV1 of +5 sIL-4Ra vs. �7 placebo), no ICS-withdrawal induced
increase in symptom score (average day 1–15 total asthma symp-
tom score of 2 for sIL-4Ra vs. 5.5 placebo), decreased fractional
exhaled nitric oxide (FeNO) (day 4 change in baseline ppb FeNO
of �8 sIL-4Ra vs. +9 placebo) and reduced requirement for rescue
medication (change in mean puffs of SABA per day over the first
2 weeks of �0.6 sIL-4Ra vs. +1.7 placebo). None of the 9 patients
in the 1500 lg altrakincept group experienced an asthma exacer-
bation in the 2 weeks post drug administration whereas 3 of 8 in
the 500 lg group and 2 of 8 in the placebo group experienced an
exacerbation. Non-significant decreases in serum VCAM-1,
ICAM-1 and ECP and increases in sCD23 were also seen in the
1500 lg altrakincept group compared to placebo; no effects were
seen on methacholine-induced AHR or blood eosinophils.
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Following these encouraging single-dose data altrakincept was
then studied in a 62-patient 12-week trial administering weekly
2.5 mL nebulized doses of 750 lg, 1500 lg or 3000 lg in
ICS-dependent atopic asthmatics who had their ICS withdrawn
with primary endpoints of safety and change in FEV1 [149].
Altrakincept was well tolerated; the proportion of the dose reach-
ing the lung was 27% and the serum half-life was 5.3 days. By
4 weeks 33% of the 3000 lg group had withdrawn from study
due to exacerbation compared to 50%, 47% and 50% in the
1500 lg, 750 lg and placebo groups, respectively. All doses of
altrakincept protected patients from an increase in symptom score
in the first month (0.1–0.15 in altrakincept groups vs. 1.4 placebo).
At the 12 week endpoint the 3000 lg group had a �2% change in
baseline FEV1 versus �12%, �6% and �13% in the 1500 lg,
750 lg and placebo groups, respectively. There were no effects
on blood eosinophils or serum IgE.

Further studies were carried out with altrakincept but have not
been published [150]. A 20-center study used 60-patient groups
dosed either 0.9 mg or 1.8 mg sIL-4R nebulized weekly over
12 weeks and then followed patients for a further 8 weeks.
During the first 12 weeks treated patients displayed no increase
in clinic-measured FEV1 above placebo. However, home AM FEV1
measurements showed an almost significant (p = 0.067) increase
in FEV1 with 1.8 mg. When patients were stratified into baseline
FEV1 50–70% of expected a significant treatment effect of 1.8 mg
sIL-4R was seen vs. placebo (p = 0.007). Interestingly, 0.9 mg
sIL-4R prevented the placebo-induced NO increase (p = 0.042)
whereas 1.8 mg sIL-4R decreased it below baseline (p = 0.05 vs
0.9 mg).

Two additional studies have been carried out with altrakincept;
a 4-week dose ranging study with 17 patients receiving 25 mg neb-
ulized weekly and 18 patients receiving 5 mg nebulized daily (5�
per week); a 12 week ICS add on and taper study with 19 patients
on nebulized weekly dosing. No significant treatment effects in the
primary, or any of the secondary, efficacy variables were seen
[150]. No further development of altrakincept has been reported.
One challenge with this candidate may have been the modest affin-
ity of sIL-4R for IL-4 which, unless sIL-4R is in great excess, could
allow ongoing ‘‘leak’’ of free IL-4 to drive the biology; precedence
has been reported in vitro [151].

The second approach taken to blocking IL-4 was GSK’s pascol-
izumab, a humanized IgG1 with an affinity (KD) for IL-4 of 45 pM
[152]. In 2001 GSK registered a trial examining the effects of pas-
colizumab in symptomatic steroid-naive asthma (NCT00024544);
no data have been reported. Although this trial is assumed to be
negative, one issue that is not considered to be relevant is distribu-
tion of pascolizumab to the lung following systemic dosing.
Preclinical studies in unchallenged cynomolgus monkeys demon-
strated presence of antibody in bronchoalveolar lavage after either
10 mg/kg or 100 mg/kg i.v. dosing [152]. As of October 2014 pas-
colizumab was being studied in Singapore to test the hypothesis
that neutralizing IL-4 will enhance host response to pulmonary
tuberculosis (NCT01638520).

IL-13 neutralization has been evaluated in multiple studies
using antibodies with 2 basic mechanisms of action: prevention
of IL-13 binding to IL-13Ra1 and IL-13Ra2 (mechanism 1 [M1])
or prevention of IL-13:IL-13Ra1 complexes from recruiting
IL-4Ra but allowing IL-13 to interact with IL-13Ra2 (mechanism
2 [M2]). IL-13 mediates its biological effects by binding
IL-13Ra1 on one side and then recruiting IL-4Ra on the other
side to form a signaling complex in which IL-13 is in the mid-
dle of the two receptors [11]. IL-13:IL-13Ra1 and IL-13Ra2
interactions both occur in helix D of IL-13 [153,154] which
explains why M1 mAbs block binding of IL-13 to both IL-13
receptors and why M1 and M2 mAbs have distinct epitopes
on IL-13 [155].
Wyeth have IMA-638 (M2 [156], also known as anrukinzumab
[157]) and IMA-026 (M1 [156]) which are both humanized IgG1s
with 14 pM and 92 pM affinity (KD) for NHP IL-13 [158], respec-
tively. IMA-638, dosed subcutaneously weekly for 2 weeks at
2 mg/kg, inhibited the week 3 early and late response to inhaled
allergen challenge in a study of 27 stable mild atopic asthmatics
without affecting AHR or sputum eosinophils [156]. In an identical
study design evaluating 29 patients IMA-026 non-significantly
inhibited the late phase response [156]. IMA-638 was then evalu-
ated in a 12 week study of asthmatics uncontrolled despite ICS or
ICS/LABA (NCT00425061) and did not demonstrate effects on
symptoms, lung function, or time to exacerbation compared with
placebo [156].

Genentech’s lebrikizumab (M2 [155]) is a humanized IgG4 with
a single hinge mutation to increase stability [159] and an affinity
(KD) for IL-13 of less than 10 pM [155]. Lebrikizumab was evalu-
ated in a study of whole lung allergen challenge in 29 mild asth-
matics and found to non-significantly inhibit the late phase
response by 48% and suppress serum IgE, CCL13 (MCP-4) and
CCL17 (TARC) by 25% after 12 weeks of 5 mg/kg subcutaneous dos-
ing every 4 weeks; AHR was not affected [160]. Exploratory analy-
ses showed that elevated levels of peripheral blood eosinophils,
serum IgE or serum periostin associated with elevated clinical
response with periostin providing the best separation between
response and no response [160].

A subsequent dose–response study in 212 steroid-naïve asth-
matics tested 125 mg, 250 mg or 500 mg subcutaneous doses of
lebrikizumab every 4 weeks for 12 weeks [161]. There were mod-
est changes (5% increase over baseline) in FEV1 in the whole pop-
ulation and this response did not associate with serum periostin
status. Lebrikizumab did not affect asthma control as measured
by ACQ. All doses of lebrikizumab protected patients from treat-
ment failure (need for ICS/OCS or intravenous steroids) although
again this did not associate with serum periostin status. All doses
of lebrikizumab also reduced FeNO by approximately 50% and
serum IgE, serum CCL17 and serum CCL13 by approximately 10%.
The biomarker and treatment failure data suggest that 125 mg
Q4W was saturating in this mild patient population.

Lebrikizumab was next studied in 219 asthma patients who
were uncontrolled despite medium–high doses of ICS [159].
250 mg lebrikizumab given subcutaneously monthly improved
FEV1 by 5.5% over placebo but not asthma control (as measured
by ACQ5) and also suppressed serum CCL17, CCL13 and IgE.
When patients were stratified by median serum periostin level, a
surrogate of Th2 high or IL-13 positive lung status [66], low serum
periostin patients had a 1.6% improvement in baseline FEV1 over
placebo whereas high serum periostin patients had an 8.2%
improvement. Lebrikizumab also reduced the rate of severe exac-
erbations in periostin-high patients by 67% versus placebo com-
pared with 29% versus placebo in the periostin-low group.

Periostin is induced by IL-4 [162] and IL-13 [162,163] in airway
epithelial cells and similarly by IL-4 and IL-13 in fibroblasts where
it colocalizes with areas of fibrosis in human asthmatic lung [164];
periostin directly binds to matrix components including
tenascin-C, fibronectin and collagen V [164]. IL-4 and IL-13
induced periostin production from fibroblasts, but not microvascu-
lar endothelial cells, is steroid sensitive [165]. As steroids are a key
treatment for most inflammatory diseases and patient selection
markers are increasingly relevant in heterogeneous diseases like
asthma, observations around the relative steroid sensitivity of
IL-13-induced periostin production by different cell types may
yet have relevance for patient stratification in asthma and other
diseases.

Two replicate trials of asthma patients uncontrolled despite ICS
and a second controller, LUTE and VERSE, tested 4 weekly subcuta-
neous lebrikizumab doses of 37.5 mg, 125 mg and 250 mg. LUTE
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and VERSE data were pooled and the 463 patient dataset recently
reported (they were initially planned as phase 3 studies but con-
verted to phase 2b due to a chemistry, manufacturing and controls
(CMC) issue). As compared to placebo lebrikizumab reduced exac-
erbation rate in the all-comers (periostin high) groups by 62%
(81%), 35% (77%) and 11% (22%) in the 37.5 mg, 125 mg and
250 mg dose groups, respectively [166].

Lebrikizumab is currently being studied in a number of different
asthma trials as part of its registration package. First is a study of
300 SABA-only mild-to-moderate asthma patients examining
FEV1 improvement (NCT02104674). Then there is a 120 patient
study examining whether 12 weeks of lebrikizumab affects
eosinophil-density in the lung mucosa of uncontrolled asthma
patients who are taking ICS and another controller
(NCT02099656). There are two 1050-asthma patient studies in
those uncontrolled on ICS and a second controller who will be trea-
ted with 2 lebrikizumab dose regimens for 52 weeks and examin-
ing exacerbation rate (NCT01868061, NCT01867125). There is also
a 225-patient study of severe asthma patients who depend on OCS
examining reduction in OCS dose following 44 weeks of lebrik-
izumab (NCT01987492). Finally there is a 375-adolescent asthma
patient study examining exacerbation rate in those uncontrolled
on ICS and a second controller following treatment with 2 lebrik-
izumab dose regimens for 52 weeks (NCT01875003).

MedImmune’s tralokinumab (M1 [167]) is a fully-human IgG4
with an affinity (KD) of 165 pM for IL-13 [83]. The effect of tralok-
inumab on ACQ6, pre-bronchodilator lung function, SABA use and
safety was evaluated in 194 moderate-to-severe uncontrolled
(ACQ6 P 1.5) asthmatics when dosed subcutaneously at 150 mg,
300 mg or 600 mg every 2 weeks for 12 weeks; analysis was
pre-specified as placebo versus all tralokinumab dose groups.
Tralokinumab, as compared to placebo, failed to affect ACQ-6
(improvement of 0.15) but improved FEV1 by 150 mL and reduced
SABA use by 0.5 puffs per day. The FEV1 response was
dose-dependent. 29% of patients supplied a baseline sputum sam-
ple. When, as a post hoc analysis, the trial data were analyzed in
terms of which patients were sputum IL-13 positive or negative
at baseline there was an association between clinical effect and
presence of baseline sputum IL-13 [168].

Tralokinumab was next tested in 452 patients with uncon-
trolled severe asthma to assess whether it could decrease exacer-
bation rate. Tralokinumab was dosed subcutaneously for
52 weeks at 300 mg every 2 weeks or 300 mg every 2 weeks for
12 weeks followed by 300 mg every 4 weeks; the latter dose regi-
men did not demonstrate efficacy. Three hundred milligrams fort-
nightly tralokinumab did not affect exacerbation rate in the whole
population but demonstrated a 54% reduction in exacerbation rate
in reversible, periostin-high patients [169].

Tralokinumab is also currently being studied in number of dif-
ferent asthma trials as part of its registration package. STRATOS 1
and STRATOS 2 are 1140- and 770-asthma patient studies in adults
and adolescents uncontrolled on ICS/LABA, respectively. Both stud-
ies examine exacerbation rate after treatment with tralokinumab
for 52 weeks (NCT02161757, NCT02194699). TROPOS is a
120-patient study of OCS-dependent adult and adolescent asthma
patients examining reduction in OCS dose following 40 weeks of
tralokinumab (NCT02281357).

GSK’s mAb GSK679586 (M1) is a humanized IgG1 with an affin-
ity (KD) for IL-13 of 300–400 pM [170]. GSK679586 increased
serum total IL-13 and reduced FeNO in 28 mild intermittent asth-
matics versus placebo [170]. In a subsequent 12 week trial in 198
severe asthmatics who remained uncontrolled (ACQ7 P 1.5)
despite being up-titrated to maximal doses of ICS (P1000 lg fluti-
casone per day), plus or minus LABA and OCS, GSK679586 was
dosed intravenously at 10 mg/kg monthly. GSK679586 increased
serum total IL-13 but did not improve FEV1 or ACQ and no
enhanced effect was seen in patients with increased blood eosino-
phils or elevated serum IgE [171].

Novartis’s QAX576 (mechanism, isotype and affinity unre-
ported) was evaluated in a 24 week study of 259 severe adult asth-
matics uncontrolled despite ICS/LABA with a primary endpoint of
ACQ [172]. QAX576, dosed intravenously at 6 mg/kg every 3 weeks,
and placebo caused an ACQ improvement of 0.8 and 0.61, an FEV1
improvement of 59 mL and 8 mL, a reduction in SABA use per day
of 1.5 and 1.1, and a mean number of exacerbations over the
24 weeks of 0.27 and 0.3, respectively. No patient stratification
data for, nor further development of, QAX576 have been reported.

Other IL-13 neutralizing candidates have reported only early
phase data. Centocor’s CNTO-5825 (M1, isotype and affinity unre-
ported) reduced serum IgE and CCL17 in a trial of 64 healthy atopic
patients compared to placebo [173]. No additional development
has been reported.

IL-4 and IL-13 neutralization has been evaluated with three dif-
ferent approaches, an inhaled IL-4 mutant protein (pitrakinra) and
two IL-4 receptor neutralizing antibodies, AMG-317 and dupilu-
mab. Pitrakinra is Aerovant’s IL-4 double mutein (R121D/Y124D)
that binds to but does not activate IL-4Ra thereby acting as a func-
tional antagonist of both IL-4 and IL-13. Pitrakinra reduced the
late-phase response to allergen challenge in 56 patients with mild
atopic asthma after 4 weeks of either 60 mg twice-daily local (neb-
ulized, inhaled) or 25 mg daily systemic (subcutaneous) dosing
[174]. A subsequent 12-week trial in 534 patients with uncon-
trolled mild–moderate asthma examined the effect of 1, 3 or
10 mg DPI-delivered, inhaled pitrakinra on exacerbations precipi-
tated by withdrawal of LABA at 4 weeks and ICS from 6 weeks
(in a tapered fashion) [175]. Pitrakinra was not efficacious in the
whole population but the 10 mg dose demonstrated a slower rate
of treatment-withdrawal induced exacerbation than placebo in
the high blood eosinophil subpopulation [175]. A number of
IL-4Ra polymorphisms were subsequently found to relate to posi-
tive clinical response in the pitrakinra therapy-withdrawal induced
exacerbation trial, suggesting a potential way forward via pharma-
cogenomic stratification for future trials [176]. No further develop-
ment of pitrakinra has been reported.

AMG-317 is Amgen’s fully human IgG2 that binds IL-4Ra with a
KD of 180 pM and in so doing prevents the biological activity of
both IL-4 and IL-13 [177]. Two hundred and ninety-two symp-
tomatic (ACQ P 1.5) moderate–severe (>200 to <1000 lg/d ICS)
asthmatics were dosed with 300 mg, 150 mg, 75 mg AMG-317 or
placebo subcutaneously weekly for 12 weeks in a trial with a pri-
mary endpoint of change in ACQ [177]. In the whole trial popula-
tion AMG-317 at any dose did not improve ACQ more than
placebo nor any of the secondary endpoints (AQLQ, SABA use,
AM or PM PEFR, pre-bronchodilator FEV1). There was a trend to
effect on serum IgE with a median change in IgE of 0, �6, �13,
�39 IU/mL from baseline in the placebo, 75 mg, 150 mg and
300 mg groups, respectively. A pre-planned efficacy analysis strat-
ifying on tertiles of baseline ACQ revealed the clearest signals. The
most severe patients, with baseline ACQ P 2.86, showed an ACQ
improvement of �0.76, �1.09, �1.03, �1.28 in the placebo, 75,
150 and 300 mg groups, respectively. There were similar positive
signals in FEV1; the difference between the 300 mg group and pla-
cebo was 0.34 L. Beta-agonist use was also improved with a reduc-
tion of 1.2 puffs per day in the 300 mg versus placebo group. Most
interestingly there was also a trend in exacerbation reduction with
the percentage of patients experiencing an exacerbation requiring
OCS or doubling ICS being 28, 24, 8, 4 in the placebo, 75, 150 and
300 mg groups, respectively. No further development of
AMG-317 has been reported.

Rengeneron’s dupilumab is a human antibody that binds to
IL-4Ra and like AMG-317 blocks IL-4 and IL-13 signaling [178]. A
single dose of dupilumab (1, 3, 8 or 12 mg/kg intravenously or
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150 mg or 300 mg subcutaneously) or placebo was dosed to 48
healthy volunteers; dupilumab caused suppression of both TARC and
IgE [178]. Dupilumab was then evaluated in a steroid-withdrawal trial
[179] very similar in design to the pitrakinra trial [175] described
above. One hundred and four patients with uncontrolled
(3 P ACQ5 P 1.5) moderate to severe asthma on moderate to high
doses of ICS with LABA who also had eosinophilia, defined as blood
eosinophils P 300/lL or sputum eosinophils P 3%, were recruited
and treated weekly with subcutaneous placebo or subcutaneous
300 mg dupilumab for 12 weeks. At week 4 patients stopped LABAs
and tapered ICS from week 6 with no ICS by week 9. If a patient exac-
erbated they were removed from study. In the initial 4 week period,
where patients received drug or placebo and ICS/LABA, dupilumab
caused a 210 mL improvement in FEV1 and 1.04 improvement in
ACQ5 versus a 20 mL worsening in FEV1 and 0.66 improvement in
ACQ5 for placebo; these differences between placebo- and
dupilumab-treated patients were maintained even after LABA and
ICS discontinuation. At week 4, the point of LABA cessation, there
had also been decreases in eFeNO, serum TARC, and serum eotaxin 3
in the dupilumab-treated cohort compared to the placebo-treated
cohort. By week 12 6% of the dupilumab cohort and 44% of the placebo
cohort had experienced an exacerbation clearly demonstrating that
dupilumab could prevent treatment-withdrawal induced exacerba-
tions [179].

Regeneron put out a press release in November 2014 which
covered the top line data from a 12-week interim analysis of an
ongoing 24 week trial of 776 adult, mainly allergic, moderate–sev-
ere uncontrolled asthma patients where dupilumab was dosed at
300 mg fortnightly (Q2W), 200 mg Q2W, 300 mg monthly (Q4W)
or 200 mg Q4W in addition to standard of care (ICS/LABA) [180].
In the whole (eosinophil high) population placebo improved
FEV1 by 120 mL (180 mL), 300 mg dupilumab Q2W by 280 mL
(390 mL) and 200 mg dupilumab Q2W by 310 mL (430 mL).
Dupliumab reduced severe exacerbations by 64% in the whole trea-
ted population and 75% in the high eosinophil population.

Future therapeutic approaches in early preclinical development
include bispecific antibodies targeting both IL-4 and IL-13 [181,182]
which offer an alternative route from targeting IL-4Ra to achieve
functional blockade of both IL-4 and IL-13. There is also an inhaled
IL-13 antibody fragment [183,184] that could potentially offer the
efficacy of systemically dosed mAbs via a more convenient route.

Taken together the clinical experience in asthma strongly sug-
gests the IL-13 axis is active in a patient segment of human asthma
that is characterized by being ‘‘Th2 high’’. It also suggests that block-
ing IL-13 by mechanism M1 (prevention of binding to IL-13Ra1 and
IL-13Ra2, e.g. tralokinumab) or mechanism M2 (prevention of
IL-13:IL-13Ra1 complex recruiting IL-4Ra, e.g. lebrikizumab) deliv-
ers similar effects of exacerbation rate reduction and lung function
improvement although the mechanism by which IL-13 neutraliza-
tion mediates these effects is not currently clear. Whether also
blocking IL-4 as well as IL-13 offers additional clinical benefit over
blocking IL-13 alone remains to be seen with the sort of larger trials
that are currently underway. Additionally whether IL-4 and IL-13
directed approaches can deliver additional benefits that can be spec-
ulated from the preclinical literature such as reduction in mucus
hypersecretion, immune system normalization and prevention of
ongoing airway remodeling are also unknown. Whilst the field has
come a long way there is still much work to do.

3. Atopic dermatitis

3.1. Introduction

Atopic dermatitis (AD) is a chronic, pruritic, inflammatory dis-
ease of the skin. AD patients are generally characterized by a defec-
tive skin barrier, atopy, elevated Th2 responses and a
predisposition to infection by viruses and bacteria such as herpes
simplex and Staphylococcus aureus (reviewed in [185]). Some AD
patients experience recurrent bacterial or disseminated viral
skin infections such as eczema herpeticum (EH) which can be
life threatening [186]. Standard therapies such as emollients and
topical steroids are supplemented with calcineurin inhibitors in
moderate-to-severe AD patients which are incompletely efficacious
in this population [187,188] leaving a clear unmet medical need.

3.2. Disease expression

Early studies demonstrated that IL-13 mRNA expressing cells
were more prevalent in skin from AD patients than skin from
non-AD patients, that acute AD lesions had more IL-13 mRNA pos-
itive cells than chronic AD lesions and that conversely IL-12 mRNA
positive cells were increased in chronic lesions versus acute
lesions, uninvolved skin or skin from non-AD patients [189]. The
presence of both IL-4 mRNA and IL-13 mRNA in lesional AD skin
biopsies has been confirmed [190] although IL-13 mRNA is more
commonly found than IL-4 mRNA [191]. Within lesions 43% T cells
and 21% mast cells were found to express IL-13 protein whereas in
non-lesional skin 3% T cells and 1% mast cells were IL-13 positive
[192].

Similar numbers of IL-13 positive, but not IL-4 positive, cells
were detected in the lesional skin of AD patients with both extrin-
sic AD (skin inflammation with high serum IgE, approximately 90%
AD patients) and intrinsic AD dermatitis (normal serum IgE with
no obvious sensitisation to allergen) although biopsy-recovered,
CD3/CD28-activated T cells from intrinsic patients expressed much
less IL-13 than their extrinsic counterparts and IL-4 was very mod-
estly expressed in both disease types [193]. Also there were less eosi-
nophils in the skin of intrinsic than extrinsic patients [193]. Recent
data demonstrates that Th2 genes in general, including IL-4 and
IL-13, are similarly expressed in intrinsic and extrinsic AD with the
key differences between the disease subtypes being increased
Th17 and Th22 in intrinsic patients; SCORAD clinical severity score
correlated with Th2 gene expression in extrinsic AD and Th17 gene
expression in intrinsic AD patients, respectively [194].

Cutaneous lymphocyte-associated Ag (CLA) is a skin-homing
receptor present on effector and memory T cells. CLA+ T cells from
AD patients were shown to be pre-activated compared to CLA� T
cells [195]. AD patient CLA+ T cells underwent spontaneous prolif-
eration, induced B cell IgE production and were high IL-4, high
IL-13 and low IFN-c producers, whereas AD patient CLA� T cells
did not spontaneously proliferate, induced IgG4 from B cells and
secreted very low levels of cytokines [195]. Both CD4+ and CD8+

cells from lesional and non-lesional biopsies express intracellular
IL-4 and IL-13 with CD8+ cell distribution biased to the epidermis
and CD4+ cell distribution biased to the dermis [196]. IL-4+ and
IL-13+ iNKTs have been found in AD PBMCs with frequency of
iNKTs in AD PBMCs and AD lesions correlated with disease severity
[197]; IL-4+ NKTs have also been found in AD lesions [198].

IL-13 expression relates to disease severity and flares. The pro-
portion of blood eosinophils and IL-13 expressing peripheral CD4
cells in acute paediatric AD is directly proportional to disease
severity [199]. Following ex vivo DerP1-stimulation of PBMCs a
higher proportion of IL-4 and IL-13 expressing CD4+ cells were
found in PBMCs from severe adult AD patients compared with
PBMCs from mild patients; mild patient PBMCs also contained
more IL-4 and IL-13 expressing CD4+ cells than PBMCs from
non-atopic control patients [200].

3.3. Genetic data

As detailed in Table 1 various IL-4/IL-13 axis polymorphisms are
associated with the risk of developing AD. GWAS studies confirm



R.D. May, M. Fung / Cytokine 75 (2015) 89–116 99
the importance of the IL-4/IL-13 axis in the context of a damaged
barrier in the development of AD. Four loci were implicated in a
study of 1563 AD cases and 4054 controls; epidermal differentia-
tion complex, the region proximal to LRRC32, RAD50/IL-13 locus
and the major histocompatibility complex (MHC) locus [201].

3.4. Animal model data

Transgenic overexpression of IL-4 directed only to mouse skin
using a K14 keratinocyte promoter induced an AD-like phenotype
including skin lesions, dry skin, conjunctivitis, pruritus, dermal
inflammation (CD4+ T cells, mast cells, eosinophils and macro-
phages), Staphylococcus aureus infection and elevated serum IgE
[202]. In a separate study repeated dermal injections of IL-4
reduced the cohesion of the stratum corneum by decreasing des-
moglein 1 thereby reducing epidermal differentiation [203]. One
potential reason for S. aureus infection in Th2 models was identi-
fied when it was shown that S. aureus preferentially bound to
Th2 epidermis rather than Th1 epidermis through interactions
with fibronectin and fibrinogen [204]. Transgenic overexpression
of IL-13 in the mouse skin was achieved using a K5 keratinocyte
promoter and induced an AD-like phenotype including skin lesions
(with hair loss, dry skin, excoriation and crusting), pruritus, dermal
inflammation (CD4+ T cells, mast cells, eosinophils, macrophages
and Langerhans’ cells), Th2-skewed lymph node lymphocytes,
fibrosis, increased vasculature and elevated serum IgE [205].
Mice transgenic for a genomic locus containing mouse IL-4, IL-5
and IL-13 spontaneously developed an AD-skin like disease, like
the IL-4 or IL-13 transgenic mice described above, as well as
asthma-like lung inflammation including elevated lymphocytes,
eosinophils and epithelial hypertrophy [206].

IL-13 was neutralized using antisense oligonucleotides in lipo-
somes in an epicutaneous ovalbumin sensitisation and challenge
mouse model. IL-13 antisense liposomes decreased skin thickness,
reduced skin biopsy IL-4 and IL-5 and skin inflammation and
reduced serum IgE in comparison to naked liposomes [207]. IL-4
and IL-13 were neutralized in a mouse ear model of repeated oxa-
zolone ear exposure, which drives an AD like phenotype, using sys-
temic exposure to a plasmid coding for an IL-4 double mutant after
sensitization had developed (IL-4DM; blocks both IL-4 and IL-13 by
competing for binding at IL-4Ra). IL-4DM-treated mice did not
develop ear-swelling, had reduced mast cell and eosinophil num-
bers in the ear, reduced serum IgE and plasma histamine compared
to control plasmid exposed mice [208]. IL-4 and IL-13 also down-
regulate genes in the epidermal differentiation complex (EDC)
thereby decreasing barrier function; mice with constitutively
active T-cell STAT-6 (STAT6VT) develop an AD-like disease associ-
ated with decreased barrier gene (filaggrin) expression. Antibody
neutralization of IL-4 or IL-13 in the STAT6VT mice increased
involucrin and filaggrin expression [209].

3.5. In vitro data

This section attempts to cover the biology of IL-4 and IL-13 over
and above that for asthma (Section 2.5) as it speaks directly to AD
pathology. The following studies are from human systems unless
otherwise noted.

3.5.1. Host defense
Vaccinia viral infection induces keratinocytes and microvascu-

lar endothelial cells to secrete IL-13 but not IL-4 [210]. IL-4 and
IL-13 suppress IFN-c or IFN-c/TNF-a-induced production of the
anti-microbial proteins (AMP) human beta defensins (HBD)
HBD-2 and HDB-3 mRNA from primary human keratinocytes
[211]. HBD-3 suppression is via suppression of S100A11 [212].
IL-4 and IL-13 also suppress IL-17-induced production of HBD-2
from primary human keratinocytes [213]. IL-4 and IL-13 suppress
TNF-a induced production of the AMP psoriasin by primary ker-
atinocytes although psoriasin is dramatically (10� fold) upregu-
lated in AD versus normal skin [214]. IL-13 and IL-4 together
facilitate vaccinia replication in keratinocyte culture via suppres-
sion of the AMP LL-37; these effects are reversed by IL-4 and
IL-13 neutralization [215].

3.5.2. Inflammation
IL-4 induces CCL24 (eotaxin 2) and CCL26 (eotaxin 3) and IL-13

induces CCL26 production from the keratinocyte line HaCaT [216].
IL-4 and IL-13 synergize with IFN-c and TNF-a in generating TARC
from the NG1RGB skin fibroblast cell line [217]. IL-4 or IL-13 stim-
ulation of corneal fibroblasts induces eotaxin release and upregula-
tion of VCAM-1 which is synergistically enhanced by S. aureus
peptidoglycan [218]. IL-13 stimulates MMP9 production from ker-
atinocytes enabling basement membrane collagen IV dissolution
and enabling lymphocyte trafficking [219]. IL-13 induces CCL22
(MDC) production which acts as a chemoattractant for CD4+
CCR4+ Th2 cells (blocked by anti-CCL22) and supplements IFN-c
induced CCL2 (MCP-1) and CCL5 (RANTES) production [220].

3.5.3. Skin remodeling and barrier function
IL-4 and IL-13 decrease MDC and TARC production from the

HaCaT keratinocyte cell line via decreased E-cadherin and hence
decreased homophilic interactions whereas IFN-c potently and
efficiently stimulates MDC and TARC production [221]. IL-13 sup-
presses MMP-13 secretion from dermal fibroblasts, this may
decrease collagen degradation and lead to dermal thickening
[222]. IL-13 induces type I collagen production from primary der-
mal fibroblasts [223]. IL-4 and IL-13 together suppress filaggrin
expression by primary human keratinocytes [224] via suppression
of S100A11 [212].

Taken together the role of IL-4 and IL-13 in AD is to act on ker-
atinocytes to generate T cell chemoattractants (recruiting more
CLA+ T cells to secrete more IL-4 and IL-13), decrease differentia-
tion and decrease production of host defense factors leading to a
further decrease in barrier function (which is often already genet-
ically compromised in AD patients). This results in an increased
ability for pathogens such as S. aureus (and associated
pro-inflammatory toxins including superantigens) and allergens
to penetrate the skin and generate further Th2 responses. IL-4
and IL-13 also act directly on B cells to drive IgE production and
thus load mast cells such that IgE-bearing mast cells are ready to
trigger release of pruritic histamine, and more Th2 cytokines, once
antigen is encountered.

3.6. Treatment hypothesis

A fascinating clinical study highlights the potential relevance of
targeting IL-4 and IL-13 in AD. Three patients with co-occurring AD
and psoriasis demonstrated a classic Th2 and Th1/17 response in
AD and psoriatic lesions, respectively. The clinical course of their
disease showed that when AD peaked, psoriasis troughed and vice
versa [225]. In support of this psoriasis patients treated with IL-4
experienced clinical improvements [226]. Psoriatic patients chal-
lenged with epicutaneous allergen developed eczema lesions with
Th2/Th22 infiltrates [225]. The authors conclude that psoriasis and
AD are triggered by specific antigens driving specific lymphocytic
reactions [225].

FoxP3 T regulatory cells, suppressors of Th2 effector cells, were
notably absent from AD skin although TR1 cells (Th1 suppressors)
were present [227]. In mice IL-4 and IL-13 signaling through
STAT-6 has been shown to downregulate lung T regulatory cell
numbers [87].
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Successful therapy is associated with decreases in IL-13. Twelve
weeks cyclosporine treatment supplemented only with emollients
reduced SCORAD by 51% at 2 weeks and 72% by 12 weeks whilst
reducing IL-13 mRNA and normalizing the transcriptome which
at baseline had large differences between lesional (generally
upregulated vs. non-lesional) and non-lesional skin but at week
12 was broadly comparable. Reductions in IL-13 mRNA and tran-
scriptome normalization followed the kinetics of clinical improve-
ment [228]. Six weeks of UVA1 phototherapy in AD patients
reduced the SASSAD clinical score by 50% as well as decreasing skin
biopsy IL-13, IL-31 and IL-5 mRNAs [229]. Three weeks of tacroli-
mus stand-alone therapy caused a 50% decrease in EASI score
accompanied by decreased biopsy T cells, eosinophils, IL-13, IL-5
and IL-10 [230].

Given all of these data and the predominance of Th2 mecha-
nisms in AD it is tempting to hypothesize that chronically remov-
ing IL-4 and IL-13, or either alone, could reduce clinical burden of
disease and start to normalize the polarized skin immunology.

3.7. Clinical experience

The key readout in AD trials is clinical score. Flares (exacerba-
tions) are a clinical issue, so are also followed, but there is little
consensus on flare definition making implementation in trials chal-
lenging. Several clinical scores are utilized including severity scor-
ing of atopic dermatitis (SCORAD), eczema area and severity index
(EASI), patient-oriented eczema measure (POEM) and investiga-
tor’s global assessment (IGA). SCORAD, EASI and POEM have been
recommended for use in efficacy trials [231].

Pitrakinra was the first biologic targeting the IL-4/IL-13 axes to
be assessed in AD. Twenty-five adults with uncontrolled,
moderate-to-severe AD despite being on standard of care (topical
corticosteroids and/or calcineurin inhibitors) received placebo or
30 mg subcutaneous pitrakinra twice a day in a one month trial.
As compared to placebo pitrakinra caused a 65% reduction in dis-
ease flares, a 25% decrease in total IgE, a normalization of T-cell
subset ratio (decreased CD4 and increased CD8) but only a numer-
ical (non-significant) improvement in EASI [232].

Dupilumab has been profiled in a number of monotherapy trials
(no other therapeutic agents permitted) as well as a trial in addi-
tion to topical corticosteroids; all the trials were reported together
[233]. Two phase 1 dose-escalation trials were undertaken in 30
and 37 adult moderate–severe AD patients inadequately controlled
by topical steroids and topical calcineurin inhbitors and evaluated
the effect of weekly subcutaneous 75 mg, 150 mg, 300 mg or
150 mg and 300 mg dupilumab doses versus placebo, in the
absence of any other controller, over 4 weeks; some patients pro-
vided optional skin biopsies and data were pooled for analysis.
Dupliumab caused dose-dependent improvements in the propor-
tion of patients achieving a 50% reduction in EASI score
(EASI-50), improvements in weekly pruritus rating scale and
reductions in serum TARC. By week 4 70%, 50%, 30% and 15% of
patients had achieved EASI-50 in the 300 mg, 150 mg, 75 mg and
placebo groups, respectively. Lesional skin biopsy transcriptomics
demonstrated that 300 mg or 150 mg dupilumab improved the
transcriptome (made it more normal) by 49% and 24%, respec-
tively, whereas placebo treatment worsened the transcriptome
by 21% [233,234].

An analogous trial examined the effect of 12 weeks of 300 mg
weekly subcutaneous dupilumab, without any controller medica-
tion, on 109 adult moderate–severe atopic dermatitis patients
inadequately controlled by topical steroids and topical calcineurin
inhibitors [233]. Patients were stratified by serum IgE levels into
intrinsic (<150 kU/L) and extrinsic (P150 kU/L) disease and then
split equally between the 2 treatment groups. The treatment effect
observed in the 4 week study was reproduced and enhanced with
longer exposure to dupilumab. By week 12 in the dupilumab and
placebo cohorts EASI-50 was achieved by 85% and 35%, reduction
in affected body surface area was 60% and 18% and pruritus numer-
ical rating scale score was reduced by 56% and 15%, respectively.
Serum TARC was also suppressed 80% by dupilumab versus 10%
by placebo and this correlated with pruritus reduction.
Dupilumab and placebo reduced serum IgE by 38% and �10%,
respectively.

A fourth study examined the effect of 4 weeks of 300 mg weekly
subcutaneous dupilumab, in addition to topical controller medica-
tion, in 31 inadequately controlled adult moderate–severe atopic
dermatitis patients [233]. The dupilumab cohort used half the topi-
cal steroids of the placebo cohort. With this imbalance EASI-50 and
EASI-75 was achieved by 50% and 40% of patients in the placebo
cohort and 100% and 62% in the dupilumab cohort, respectively.
Pruritus score was decreased by 25% by placebo and 71% by
dupilumab.

Regeneron/Sanofi have initiated a phase 3 program for dupilu-
mab in AD. SOLO 1 and SOLO 2 are duplicate studies, each of 600
chronic AD patients not on AD therapy with a baseline IGA P 3,
examining the effect of 2 dupilumab dosing regimens on the pro-
portion of patients achieving an IGA between 0 and 1, as well as
a 2 point reduction from baseline, at 16 weeks (NCT02277743,
NCT02277769). There is also a study of 700 chronic AD patients
on topical corticosteroid therapy examining the effect of 2 dupilu-
mab dosing regimens on the proportion of patients achieving an
IGA between 0 and 1, as well as a 2 point reduction from baseline,
at 16 weeks (NCT02260986).

MedImmune has initiated a 12-week phase 2 study with tralok-
inumab in 184 moderate-to-severe AD patients examining the
effect of 3 dose-regimens on EASI score (NCT02347176).
Genentech has announced that 3 dose regimens of lebrikizumab
will be studied in a 200-patient 12 week phase 2 study of patients
with moderate-to-severe atopic dermatitis examining the propor-
tion of patients achieving a 50% reduction in EASI score
(NCT02340234).

Taken together the dupilumab data clearly show that the IL-4
and IL-13 axes are key players in the AD phenotype and offer great
hope that there could be an effective biologic available to physi-
cians and patients with unmet medical need in the next 3 years.
Whether blocking IL-13 alone will be sufficient to deliver efficacy
in AD remains to be seen.
4. Allergic rhinitis

4.1. Introduction

Allergic rhinitis (AR) is clinically defined as a disease of sneez-
ing, airflow obstruction, nasal pruritus and a generally clear nasal
discharge. The underlying disease mechanism is considered to be
Th2-mediated allergy to common allergens such as pollens, molds
and house dust mite (reviewed in [235]). Most asthma patients,
atopic or non-atopic, have AR (reviewed in [236]). Current thera-
pies include ICS, intranasal and oral anti-histamines and leuko-
triene receptor antagonists, and for severe patients allergen
immunotherapy, but they do not provide disease control for all
(reviewed in [235]).
4.2. Disease expression

IL-4 is elevated in the nasal lavage of 12–20 year olds with sea-
sonal AR as compared to controls; treatment with budesonide
decreased symptom scores and increased nasal lavage fluid
sIL-4R [237]. IL-4 and IL-13 are upregulated in nasal mast cells
from patients with perennial AR compared to nasal mast cells from
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patients with chronic infective rhinitis [95]. IL-4 induces nasal
mast cells to upregulate FceRI mRNA and cell surface protein
expression [95].

No difference was found in the number of IL-13 expressing cells
from nasal biopsies between AR or control patients although aller-
gen challenge of allergic rhinitics led to a dramatic increase in the
number of IL-4 and IL-13 positive cells which could be ablated by
nasal steroids [238]. Diesel exhaust particle (DEP) nasal challenge
of a mixed population of atopic and non-atopic patients induced
nasal lavage cell IL-4 mRNA and protein and IL-13 mRNA in all
patients [239]. Grass pollen nasal allergen challenge in
grass-pollen AR patients induced increased IL-13 and IL-5 in nasal
lavage, in parallel with increases in symptoms and eosinophils
[240]. Nasal steroid pretreatment ablated lavage IL-13 and IL-5
and blunted symptoms and nasal eosinophils [240].

AR has also been associated with S. aureus colonization. In a
study of AR patients not using inhaled steroids 68% of allergic rhi-
nitics and 22% control patients had S. aureus in nasal lavage. S.
aureus + AR patients had higher symptom scores, a higher
IL-13:IFN-c ratio and higher cell activation markers in nasal lavage
than S. aureus � AR patients [241].

AR can develop into chronic rhinosinusitis with nasal polyps
(CRSwNP) which is also Th2 biased with elevated eosinophils and
IL-5, tissue IgE and tissue eotaxin. CRSwNP is quite unlike chronic
rhinosinusitis without nasal polyps (CRSsNP) which is Th1 biased
[242]. CRSwNP mucosa contains more ILC2 cells than CRSsNP or
normal mucosa and these cells secrete high levels of IL-13 upon
stimulation with IL-33 which can be released by damage including
that induced by Alternaria fumigatus fungal challenge [243].

4.3. Genetic data

As detailed in Table 1 various IL-4/IL-13 axis polymorphisms are
associated with the risk of developing AR.

4.4. Animal model data

Nasal IL-13 installation was found to induce eosinophilia and
goblet cell hypertrophy in the nasal mucosa of mice which could
be decreased by approximately 60% by pretreatment with systemic
TSLP-neutralising mAb [244]. Ex vivo, IL-13 was found to induce
TSLP expression in mouse nasal explants in a STAT-6 dependent
and mast cell independent fashion [244]. In a systemic sensitiza-
tion and nasal challenge model of mouse nasal allergy IL-13 neu-
tralization with soluble IL-13Ra2-Fc reduced nasal blockage (via
the surrogate of respiratory rate as mice are obligate nasal breath-
ers) and nasal resistance without affecting eosinophils in nasal tis-
sue [245]. IL-4 and IL-13 signaling was prevented using STAT6
siRNA in a mouse systemic sensitization and nasal challenge
model. When dosed during the nasal allergen challenge period
STAT6 siRNA prevented allergen induced sneezing, nasal rubbing,
ablated IL-4 and IL-5 production from ex vivo allergen challenged
lymph node cells and reduced nasal mononuclear and eosinophil
infiltration by approximately 50% [246].

4.5. In vitro data and treatment hypothesis

This section attempts to cover the biology of IL-4 and IL-13 over
and above that for asthma (Section 2.5) as it speaks directly to AR
pathology. The following studies are from human systems unless
otherwise noted.

4.5.1. Inflammation
IL-4 and IL-13 stimulate nasal fibroblasts to induce eotaxin

release which is synergistically enhanced by TNF-a [103] or LPS
[247]. IL-4 induces nasal mast cells to upregulate FceRI cell surface
protein expression [95].

Taken together with the asthma rationale data the scientific
hypothesis would be that as part of an ongoing sensitization pro-
cess DCs present antigen to Th2 cells which secrete significant
amounts of IL-4 and IL-13. IgE generated by the Th2 skewing binds
to the surface of nasal mast cells that upon exposure to allergen
degranulate and thus release histamine as well as IL-4 and IL-13.
During an infection nasal epithelial damage leads to IL-33 release
and activation of nasal ILC2s causing significant additional IL-13
and IL-5 release [243]. IL-4 and IL-13 together act on fibroblasts
and epithelial cells to generate significant levels of eosinophil
chemoattractants and upregulate endothelial eosinophil homing
molecules driving eosinophilia as well as promoting epithelial cell
differentiation to induce mucus hypersecretion. Therefore inhibi-
tion of IL-4 and/or IL-13 could be an attractive approach to reduce
these pathogenic effects and hence relieve symptoms.
4.6. Clinical experience

Only one study has been published investigating the potential
of IL-13 blockade for allergic rhinitis. QAX-576 from Novartis was
evaluated in a nasal allergen challenge study of 36 patients with
grass pollen seasonal AR. Subjects were challenged with timothy
grass pollen at baseline and then on 3 occasions after a single
6 mg/kg intravenous infusion of QAX-576. QAX-576 suppressed
nasal lavage IL-13 but not IL-5, eosinophils or symptom scores. A
post hoc analysis showed a trend toward a suppression of symp-
tom scores in patients with the highest pre-dose IL-13 response
to allergen challenge [248]. If allergen challenge activated ILC2s
in this study then it is possible that ILC2-derived IL-5 could have
driven the eosinophilia and maintained the symptom score.
Whether chronic suppression of IL-13 could have benefits in AR
remains to be seen.

Sanofi issued a press release on 30th September 2014 stating
that 300 mg subcutaneous dupilumab dosed weekly for 16 weeks
had delivered clinical benefit to patients with chronic rhinosinusi-
tis with nasal polyps who were insensitive to ICSs. Nasal polyp
score, a measure of polyp size, as well as measures of sinusitis were
reduced. In patients who also had asthma (58% of trial cohort)
there were improvements in asthma control [249].
5. COPD

5.1. Introduction

Chronic obstructive pulmonary disease (COPD) is the fourth
leading course of death in the world. COPD is an obstructive lung
disease primarily caused by decades of exposure to smoke from
cigarettes or open fires and characterized by significant lung and
systemic inflammation. Unlike asthma the airflow limitation in
COPD is not reversible. In common with asthma COPD exacerba-
tions represent a significant issue and exacerbation rate reduction
is a key deliverable for any biologic agent. In COPD large airways
are inflamed leading to chronic bronchitis in half of patients.
Small airways are also inflamed causing a decreased lumen and
increased resistance to airflow. Alveoli are destroyed resulting in
enlarged airspaces, emphysema and reduced surface area for gas
exchange. All airways are burdened with thick, sometimes
infected, mucus. The prevailing mechanistic theory is that cigarette
smoking causes inflammation mediated by neutrophils, macro-
phages and CD8+ T cells which persists even after smoking cessa-
tion. These inflammatory cells release elastase and other
proteinases which mediate lung destruction (reviewed in [250]).
Treatment recommendations are severity (symptoms and
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breathlessness) and risk (spirometry and exacerbation history)
based and employ different combinations of bronchodilators (short
acting beta agonists, methylxanthines, long acting beta agonists,
muscarinic antagonists) and anti-inflammatories (ICS, PDE4 inhibi-
tors, OCS) [251]. Despite these treatment options there is enor-
mous unmet medical need in COPD.

5.2. Disease expression

Evidence for IL-4 and IL-13 expression in COPD is contradictory.
Submucosal gland cells expressing IL-4 mRNA were more numer-
ous in chronic bronchitic patients than either COPD patients with
chronic bronchitis or asymptomatic smokers; no CD8+ T cells
expressed IL-4 mRNA [252]. Indeed stable COPD is considered a
Th1 biased disease; lung resection lymphocytes derived from
smokers with COPD demonstrated no expression of IL-4 or Th2
chemokine receptors such as CCR3/CCR4 but high levels of IFN-c
and Th1 chemokine receptors such as CXCR3 [253]. In contrast
BAL lymphocytes have been reported to be of a mixed phenotype
with the proportion of BAL, but not peripheral, IL-4+ CD4, IL-4+
CD8 and IL-13+ CD8 T cells from COPD patients greater than
non-COPD smokers or controls [254].

Data on IL-13 expression in COPD is also mixed. IL-13 was mea-
surable in 18% of induced sputum from COPD patients and none of
the smoking controls with no difference in clinical characteristics
between IL-13 positive and negative patients; in a second cohort
very few IL-13 expressing cells could be detected immunohisto-
chemically in proximal airway biopsies with no difference between
COPD patients and controls [255]. In another contrasting study
IL-13 was detected in 46% of induced sputum samples from
COPD patients and 14% controls [256]. IL-13 mRNA has been
detected in the lung tissue of very severe COPD patients undergo-
ing transplant [257]. Plasma IL-13 expression has also been
detected in COPD patients and was inversely correlated with both
lung diffusion capacity test (DLCO) and % predicted FEV1 [258].

Even more so than for asthma, exacerbations are a key issue in
COPD. Viruses in general and rhinovirus in particular can trigger
exacerbations; 30% of patients admitted for an acute COPD exacer-
bation (AECOPD) had a respiratory virus and 77% of this 30% was
rhinovirus [259]. Exacerbations were surprisingly of a mixed Th1
and Th2 phenotype in the lung and periphery; BAL IFN-c from
AECOPD was not universally expressed (25%) nor were levels dif-
ferent from stable COPD (36%) or control patients (28%); BAL IL-4
from AECOPD was universally expressed and upregulated versus
stable COPD (61%) or control patients (32%); BAL IL-13 from
AECOPD was not universally expressed (25%) nor were levels dif-
ferent from stable COPD (32%) or control patients (50%) [259]. A
potential explanation for this finding was that HRV proteinase 2A
could influence DCs to induce a mixed Th1/Th2 cell polarization
[259]. Similarly IL-4 expressing CD8+ sputum T cells increase at
the beginning of a mild AECOPD from the stable state and both
the CD4 IFN-c+/CD4 IL-4+ and CD8 IFN-c+/CD8 IL-4+ ratios
decrease [260]; sputum CD8 IFN-c+/IL-4+ ratios also decreased at
the onset of severe AECOPDs [261].

5.3. Genetic data

As detailed in Table 1 various IL-4/IL-13 axis polymorphisms are
associated with the risk of accelerated lung function decline with
smoking or the risk of developing COPD.

5.4. Animal model data

A key exposure underlying COPD is cigarette smoke. Rats
exposed acutely (3 days) or chronically (8 or 16 weeks) to cigarette
smoke developed AHR and airway remodeling (increased smooth
muscle actin) in association with elevations in lung IL-13 and lung
TGF-b after chronic, but not acute, exposure [262]. Much of the
interest in targeting IL-13 for COPD originated with an experiment
in which IL-13 was overexpressed in the lungs of mice using a Clara
cell promoter-driven transgene. IL-13 transgenic mice
spontaneously developed emphysema in association with mucus
metaplasia and macrophage, lymphocyte and eosinophil
inflammation; much of the lung damage was driven
through matrix metalloproteinases (MMPs) and cysteine
proteinases [263].

In a mouse model mimicking key aspects of an acute COPD
exacerbation mice were exposed to an elastase/LPS combination
for a month which caused emphysema-like changes (increased
chord length, increased total lung volume) in association with lung
infiltration by macrophages and neutrophils, goblet cell metaplasia
and airway obstruction. One week after elastase/LPS mice
were also intranasally exposed to rhinovirus RV1B.
Elastase/LPS/RV1B-treated mice had a much greater viral load, viral
persistence, decreased anti-viral response (IFN-a and IFN-b
mRNA), increased inflammatory response (IL-13, IL-5 and TNF-a
mRNAs) and increased lung volume than PBS/RV1B-treated mice
and AHR compared with PBS/RV1B- or elastase/LPS/PBS-treated
mice [264]. A mouse model also identified a pathway whereby
viral infection activated CD4� NKT cells that recruited and acti-
vated macrophages to chronically produce IL-13 and drive inflam-
mation, AHR and mucus production despite the virus being
completely cleared [265]. Analogously COPD patients were shown
to have more lung IL-13 mRNA, mucosal MUC5AC, CD4� NKT and
IL-13-positive macrophages than control patients [265].

5.5. In vitro data and treatment hypothesis

Two recent studies suggest that there is reason to strongly con-
sider testing neutralization of the IL-4/IL-13 axis in COPD. The first
built on observations in COPD where enhanced clinical benefit, in
terms of a 62% reduction in exacerbations, could be achieved if
patients were managed by titrating steroid doses to manage spu-
tum eosinophil levels at or below 3% rather than by the British
Thoracic Society (BTS) guidelines [266]. This first recent study
evaluated the effects of benralizumab, an IL-5R directed aglycosyl
IgG1 that blocks IL-5 function and also recruits enhanced
cell-killing effector function thus effectively depleting eosinophils,
in 101 patients with eosinophilic COPD. Benralizumab dosed over
48 weeks did not offer clinical benefit to all; in patients with blood
eosinophils greater than 200 per lL benralizumab reduced
AECOPD and improved both FEV1 and symptom scores [267].
Eosinophils are significant sources of IL-4 and IL-13 [268]. The sec-
ond recent study extends the Th2 paradigm from asthma [66] to
COPD and identified a Th2-high cohort of COPD patients. The
Th2 high COPD patients had no association with asthma history,
airway reversibility, reduced hyperinflation following ICS treat-
ment together with lower lung function, increased blood and lung
wall eosinophils as compared to non-Th2 high COPD patients
[269]. Asthma–COPD overlap syndrome (ACOS) is now well recog-
nized as a disease with key aspects of both asthma and COPD
[270,271].

There is little mechanistic rationale to consider IL-4 and/or
IL-13 neutralization in ‘‘classic’’ macrophage/neutrophil COPD out-
side of the well-recognized effects on lung epithelium in driving
excess mucus production [114,117] or GMCSF/IL-8 [108] and
MCP-1 [272] production as part of the drive for excess neutrophil
and macrophage inflammation. In the context of an identifiable
Th2-high population of COPD or ACOS patients IL-4/IL-13 neutral-
ization seems much more obvious with predictable potential ben-
efits of airflow improvement, reduced mucus production, reduced
eosinophil mediated inflammation. Taken together the literature
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demonstrates the potential involvement of an IL-4 and IL-13 axis in
a subset of COPD and suggests that, with the appropriate personal-
ized healthcare approach, the potential for clinical benefit could be
assessed in a controlled study. This hypothesis has not yet been
tested.
6. Cancer

Increased IL-4 and IL-13 activities have been closely associated
with malignancy. They play significant roles in tumorogenesis and
modulation of anti-tumor immune responses [273–276]. In
Hodgkin’s lymphoma (HL), the tumor cells (Reed-Sternberg) are
rare (0.1–1%) in the tumor mass and the bulk of the remaining
stroma is made up of infiltrating, reactive, cells including Th2 cells
[277]. Co-expression of IL-13 and its receptor IL-13Ra1 is found in
RS cells. IL-13 mediates autocrine stimulation of the proliferation
of HL cells and inhibition of cell death [278,279]. STAT6 is phos-
phorylated upon activation of IL-4R and IL-13R by IL-4 and IL-13,
respectively. Activation of STAT6, as well as STAT3, is important
for HL cell growth [280,281]. Neutralizing antibodies to IL-13,
IL-4 and their receptors IL-13Ra1 and IL-4Ra or siRNAs against
STAT6 had been shown to reduce proliferation [279,280,282,283]
and induce cell death via inhibition of the expression of
anti-apoptotic Bcl-xL in vitro [284]. Autocrine IL-4 suppresses
immunosurveillance in vivo, thus facilitating pancreatic tumor
growth and metastasis [285].

Besides IL-13 being an autocrine growth factor in HL, it has been
shown to mediate cancer invasion and metastasis via IL-13Ra2 in
an ERK/AP-1-dependent and MMP – mediated manner in a xeno-
graft ovarian tumor model in mice [286]. In contrast to IL-13Ra1,
IL-13Ra2 is not associated with IL-4Ra for signaling [286].
Instead, IL-13 binds to IL-13Ra2 with high affinity and then either
internalizes or mediates signaling transduction [31,287].
Over-expression of IL-13Ra2 increases cancer invasion and metas-
tasis and shortens survival time of mice with human ovarian can-
cer [286]. Intraperitoneal injection of IL-13 further shortened the
survival of IL-13Ra2-positive bearing mice compared to
IL-13Ra2-negative mice [286]. Silencing of IL-13Ra2 in highly
metastatic colorectal tumor cells led to a decrease in adhesion
capacity in vitro and a reduction in liver homing in vivo [288].
NKT cells stimulated by tumor antigens produce IL-13 that then
acts on Gr-1+ granulocytes to produce TGF-b thus suppressing
CD8+ T cell activity in tumor surveillance [289]. Activities of
TGF-b and IL-13 can result in intratumoral fibrosis which further
dampens anti-tumor immune surveillance by preventing the
recruitment of anti-tumor CD8+ cytotoxic T lymphocytes (CTL)
and NK cells [290]. It has been reported that IL-13Ra2 is overex-
pressed in a variety of human tumors, including glioblastoma, head
and neck, pancreatic, kidney, ovarian, breast, and Kaposi’s sarcoma
[291]. Therefore, IL-13Ra2 is recognized as a tumor associated
antigen which can be used to target cancer cells for killing by
immunotoxin conjugates [292,293]. A similar approach using
IL-4-Pseudomonas exotoxin was also tested in patients with recur-
rent malignant glioma with an acceptable safety and toxicity pro-
file [294].

Accumulation of tumor-associated macrophages (TAMs) is
associated with poor prognosis of a wide range of solid tumors,
such as lung cancer, pancreatic cancer, ovarian cancer, liver cancer,
kidney cancer, brain tumor, and Hodgkin’s lymphoma [295]. TAMs,
also known as alternatively activated or M2 macrophages, are
CD163+ and/or CD204+ [296,297]. They are closely linked to
intra-tumor inflammation, angiogenesis, and tumor growth, inva-
siveness and metastasis. IL-4 produced by Th2 and tumor cells is
crucial for the expansion of TAMs. Enhanced Th1 responses are
associated with anti-tumor responses, whereas increased Th2
responses have the opposite effects. The imbalance and conversion
of Th1 to Th2 cells are responsible for both the occurrence and pro-
gression of cancer. TAMs also produce immunosuppressive factors,
including prostaglandin E2 (PGE2), indoleamine 2,3-dioxygenase,
and IL-10 which contribute to the increase of regulatory CD4+ T
cells and myeloid-derived suppressive cells (MDSC), resulting in
the inhibition of anti-tumor cellular immunity [298]. TAMs also
produce TGF-b. TAMs have been shown to mediate the production
and activation of myofibroblasts via epithelial–mesenchymal tran-
sition (EMT), promote extracellular matrix modification by upreg-
ulation of MMPs and thus result in increased tumor invasiveness
[299]. TAMs also induce the generation of cancer stem cells via
EMT [300]. Therefore, IL-4 and IL-13 play direct and indirect roles
in tumorogenesis. Blocking TAM differentiation through down-
modulation of IL-4Ra and IL-13Ra1 signaling is a potential strategy
for mounting anti-tumor responses.
7. IBD

Th2 cytokines (IL-4, IL-5, and IL-13) have been recognized to
play a primary role in the inflammatory reaction to helminthic
infestation in the gut [301]. Among them, IL-13 works at a number
of levels to combat the infestation by stimulating mucus produc-
tion from goblet cells, inducing local eotaxin release to attract eosi-
nophils, increasing IgE production, increasing gut motility and
epithelial secretion (via disruption of tight junctions, and possibly
enhancing cystic fibrosis transmembrane conductance regulator
mediated apical chloride secretion) [302–304]. Intestinal epithelial
cells produce thymic stromal lymphopoietin (TSLP) [305], which is
necessary and sufficient for the initiation of Th2-mediated inflam-
mation. IL-33 is also expressed early during parasitic infection and
IL-33 binds to ST2 receptor on multiple cell types in lamina propia,
such as mast cells, basophils and macrophages [306]. These cells
produce Th2 cytokines and in particular IL-4 which promotes
Th2 differentiation.

In spite of these beneficial effects of IL-13 on host defense
against parasitic infestations in the gut, uncontrolled activation
of IL-13 activities can cause serious inflammation. Inflammatory
bowel diseases (IBDs) that include ulcerative colitis (UC) and
Crohn’s disease (CD) are chronic relapsing disorders of the gas-
trointestinal tract that are characterized pathologically by intesti-
nal inflammation and epithelial injury. Several clinical and
pathological features of UC and CD are distinct [307]. UC affects
the colonic mucosa, generally involving the rectum and extending
to part or the entire proximal colon. The inflammation in CD is
often transmural, whereas in UC the inflammation is typically con-
fined to the mucosa. CD can be associated with intestinal granulo-
mas, strictures, and fistulas, but these are not typical findings in
UC. The exact mechanisms of pathogenesis of IBDs are not fully
understood. They involve the complex interactions of dysbiosis
(imbalance of gut microbiome), dysregulated homeostasis of
innate and adaptive immune response, diet, and genetic traits
[308,309]. Increased IL-13 activity has been implicated in UC based
on data from some mouse models and human intestinal epithelial
cell ex vivo studies [310–314]. In an oxazolone-induced colitis
model in mice which mimics key aspects of UC in humans, a
marked IL-13 response from CD4+ NKT cells (not conventional
CD4+ T cells) was observed [310]. Treatment to block IL-13 activity
with IL-13Ra2-Fc or IL-13 neutralizing mAb or with specific mAbs
to deplete NKT cells lead to the amelioration of intestinal inflam-
mation and injury [310]. Mice with either CD1 or Ja281 (invariant
TCR) deficiency which lack the ability to present antigens by NKT
cells were also protected against disease in this model [310].
Stimulation of lamina propria T cells from UC patients with
CD1-expressing antigen-presenting cells loaded with
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a-galactosyl-ceramide, the nominal antigen of NKT, induced high
levels of IL-13 production. CD4+ T cells isolated from lamina pro-
pria of UC patients produced high levels of IL-13, but not IL-4 or
IFNc, whereas cells from CD patients produced only slightly higher
amounts of IL-13 than non-IBD controls [310]. Furthermore, CD4+

NKT cells isolated from lamina propria from UC patients were
found to be cytotoxic to colonic epithelial cells in vitro [311]; the
activity was IL-13 dependent. IL-13 (but not IL-4) reduced the elec-
trical resistance of colonic epithelial cell monolayer by inducing
apoptosis and increasing expression of pore-forming
tight-junction protein claudin-2; claudin-2 upregulation is also
found in UC patients [311]. Together, the data indicate that
IL-13-producing CD4+ NKT cells mediate intestinal injury and dam-
age epithelial cell integrity. A recent study provided conflicting
data that IL-13 production by GI tract mucosal explants and acti-
vated lamina propria mononuclear cells did not differ between
CD, UC and control subjects and was at least 1 log lower than
IFNc and IL-17A [312].

Intestinal fibrosis is a common and serious complication in IBD
patients despite current anti-inflammatory therapies [315].
Interestingly, IL-13 signaling via IL-13Ra2 was shown to play an
important role in the fibrosis developing in oxazolone colitis, trini-
trobenzene sulfonic acid (TNBS)-induced colitis [289].
Fibrostenotic complication is common in Crohn’s disease [316].
IL-13 is highly expressed in so-called transitional cells that line fis-
tula tracks, and IL-13 induces genes involved in cell invasion, a
potential mechanism of fistula formation through tissue [317].

In addition to the compelling data of the pathogenic roles of
IL-13-expressing NKT cells from mouse models it is noteworthy
that IL-13 can also be produced by conventional Th2 cells and
innate lymphoid cells type 2 (ILC2) which are also present in the
intestinal tract in mice and humans in particular during IBD
[318]. ILC2s are activated by gut epithelial cytokines, such as
IL-33, IL-25 and TSLP, released in response to epithelial damage
and infection [305,306,319]. ILC2s also play a crucial role in eosino-
philic colitis via IL-5 production and eosinophil recruitment [320].

Tralokinumab was tested for safety and efficacy in patients with
moderate-to-severe UC (NCT01482884). The results indicate that
add-on therapy with tralokinumab did not significantly improve
clinical response vs. placebo in these patients. However, improve-
ments in clinical remission rates and in mean partial Mayo scores
with tralokinumab vs. placebo provide support for the importance
of IL-13 in a subset of UC patients [321]. Another anti-IL-13 neu-
tralizing mAb (anrukinzumab (IMA-638)) showed no clinical effect
in active UC patients (NCT01284062) [157]. Together, the clinical
data from these two clinical studies could indicate that IL-13 is
not the predominant etiological driver of the disease. An alterna-
tive explanation is that patient stratification into those with and
without an active IL-13 pathway is required to test the hypothesis
that IL-13 is a key driver of UC.
8. Autoimmune disease

CD4+ T helper (Th) cells produce different cytokines to mediate
diverse functions in response to environmental duress under the
control of specific transcription factors [322,323]. Th1 cells (pro-
ducing IFNc and IL-2) mediate host defense against intracellular
bacteria, whereas Th17 cells (producing IL-17A/F and IL-22) medi-
ate host defense against extracellular bacteria and fungi. Th2 cells
(producing IL-4, IL-13, IL-5, and IL-25) protect the host from para-
sitic infections. However, uncontrolled activities of Th1 and Th17
cells can cause inflammatory and autoimmune diseases, whereas
Th2 cells are linked to atopic diseases such as allergy, asthma
and atopic dermatitis (see sections above and [324]). The roles of
Th2 cells in the pathogenesis of autoimmune disease are more
limited and less well studied as compared to Th1 and Th17 cells.
Plasticity between Th1 and Th2 cells is regulated by specific tran-
scription factors, Tbet/Stat4 and GATA3/Stat5, respectively [325].
Th2 to Th1 shift can augment autoimmune disease, whereas this
reverses atopic diseases such as asthma. In insulin-dependent dia-
betes mellitus (IDDM) coexisting with IBD, Th1 cells are patho-
genic and Th2 cells are protective. Consistent with these
observations, helminth infections prevent autoimmune diseases
in mice and humans by shifting Th1-mediated autoimmunity to
a Th2 immune response [326].

The pathological involvement of IL-4 in autoimmune disease
was recently demonstrated in lupus nephritis [327,328]. IL-4 and
STAT6 gene polymorphisms are linked to systemic lupus erythe-
matosus (SLE) [329]. Emerging data indicate the presence of
autoreactive IgE in the sera of SLE patients with nephritis
[327,328]. Tyrosine protein kinase Lyn is a critical negative regula-
tor of the Th2 response [330]. Lyn�/� mice develop a strong and
constitutive Th2 skewing in early life and show exacerbated
responses to Th2 challenge. In late life Lyn�/� mice develop an
autoimmune disease that mimics the features of nephritis in
human SLE. Besides acting as antigen-presenting cells [331], baso-
phils activated by IgE immunocomplexes (IgE/IC) by cross-linking
surface FcReI produce IL-4 which then further promotes Th2 cell
differentiation and proliferation. Increased IL-4 production facili-
tates the production of autoreactive IgG1 and IgE from B cells via
the upregulation of IL-6 and B-cell activating factor (BAFF) [332–
334]. BAFF serves a fundamental role during the transition from
immature T1 to T2 B cells [335]. In addition to its crucial role in
the maintenance of peripheral B cell pool, BAFF has been found
to be essential for marginal zone (MZ) B cell development [336].
Anti-BAFF mAb (belimumab from GSK) is being tested in LN
patients (NCT01639339). Basophils are also being implicated in
the pathogenesis of rheumatoid arthritis, wherein citrullinated
proteins can activate basophils via IgE anti-citrullinated protein
[337,338]. Together, these findings indicate that IL-4 is an impor-
tant regulator of B-cell dependent autoimmunity and the patholog-
ical involvement of basophils should be further examined [339].

In systemic sclerosis (SSc), gene polymorphism of IL-13 is linked
to skin fibrotic manifestation [340]. CD4/CD8 double-positive cells
producing high levels of IL-4 were found in lesional skin of SSc
patients [341]. However, no correlation with IL-4, IL-13 or their
receptor gene polymorphisms was found in another study with a
much larger patient cohort [342].

Together, the data on the pathological involvement of IL-4 and
IL-13 in autoimmune disease is still very limited. The majority of
research and clinical development efforts are focused on Th1 and
Th17 cells.
9. Fibrosis

Fibrosis is involved in the pathogenesis of a wide range of dis-
eases, including pulmonary fibrotic disorders (idiopathic pul-
monary fibrosis (IPF), severe asthma and COPD), systemic
sclerosis, renal disease, IBD, cancer, and liver fibrosis [343,344].
Nearly 45% of all deaths in the developed world are linked to some
type of chronic fibroproliferative disease (reviewed in [345]).
Fibrosis is a normal consequence of tissue injury and chronic
inflammation, characterized by the accumulation and activation
of excessive numbers of fibroblasts, deposition of extracellular
matrix (ECM) proteins, such as collagen, and distortion of normal
tissue architecture [346]. Although fibrosis typically begins as a
part of wound healing responses, excessive accumulation of colla-
gen and other ECM components during chronic inflammation can
lead to the destruction of normal tissue architecture and loss of
function.
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The transcription of several genes known to be involved in the
mechanisms of wound healing and fibrosis are upregulated by
Th2 cytokines (reviewed in [347]). The regulation and function of
a few of these genes, such as those that encode procollagen I, pro-
collagen III, arginase, lysyl oxidase, matrix metalloproteinase
(MMP2), MMP9 and tissue inhibitor of matrix metalloproteinase
1 (TIMP1) have been reported [348–353]. Although IL-4 and
IL-13 share similar receptor signaling mechanisms and can induce
fibrosis, studies in which IL-4 and IL-13 were inhibited indepen-
dently identified IL-13 as the dominant effector cytokine of fibrosis
in several models [347,353]. Overexpression of IL-13 in the lung
induced pronounced subepithelial airway fibrosis in mice in the
absence of any other inflammatory stimuli [78], whereas treatment
of IL-13-specific antibodies markedly reduced collagen deposition
in the lungs of animals that were challenged with bleomycin
[354] or Aspergillus fumigatus conidia [355]. However, transgenic
mice overexpressing IL-4 showed little evidence of subepithelial
airway fibrosis, despite developing an intense inflammatory
response in the lung [70]. Inhibition of IL-13 by a neutralizing
mAb (tralokinumb) reduces lung fibrosis and epithelial damage
in a humanized SCID idiopathic pulmonary fibrosis (IPF) mouse
model [356]. IL-13 is upregulated in the lungs of IPF patients as
compared to healthy individuals [28,356].

IL-13 is also involved in the fibrosis generated from other dis-
parate diseases. Schistosomiasis is a chronic disease caused by
infection with the helmith S. mansoni that results in a Th2-biased
response which leads to hepatic fibrosis [357]. In nonalcoholic
steatohepatitis (NASH) – the most common cause of liver fibrosis
[358,359] driven by poor diet, high levels of IL-13Ra2 are present
that colocalize with smooth muscle actin and in a rat model of
the liver disease, an IL-13Ra2-targeted cytotoxin ameliorates fibro-
sis. IL-13 is also involved in the manifestation of fibrosis found in
systemic sclerosis (SSc) patients [360]. It was found that CD8+ T
cells but not CD4+ T cells are the primary source of IL-13 which
is upregulated in SSc patients [361]. These IL-13-producing CD8+

T cells expressed high levels of GATA3 and possessed homing
receptors to the skin of SSc patients [362]. Incubation of these cells
with healthy dermal fibroblasts results in elevation of ECM from
these cells [362].

The significant pro-fibrotic role of IL-13 in vivo over IL-4 could
be attributed to the signaling mechanism of IL-13Ra2 and/or the
involvement of ILC2 which produce IL-13 and IL-5 but not IL-4
[363–365]. Moreover, results from several disease models indicate
that differences in ligand concentration might also explain the dif-
ferential activities of IL-4 and IL-13. When the production of IL-4
and IL-13 are compared, the concentrations of IL-13 often exceed
those of IL-4 by a factor of 10–100 [365]. Together, these findings
support the notion that IL-13 plays a dominant role in fibrosis,
whereas IL-4 is associated with immune modulation and Th2
polarization.

TGF-b1 is an important pro-fibrotic cytokine [347,366].
Although it can be produced by many cell types, the macrophage
is the primary source responsible for tissue fibrosis. TGF-b1 is
stored in the cell as an inactive form, a disulfide-bonded homod-
imer that is non-covalently bound to a latency-associated protein
(LAP) [331]. Binding of the cytokine to its receptors requires disso-
ciation of LAP, a process that is catalyzed in vivo by several agents,
such as plasmin, cathepsins, calpain, thrombospondin, av integrins
(b1, 6 and 8) and MMPs [331]. IL-13 plays an intimate role in the
activation of TGF-b1. IL-13 induces the production of latent
TGF-b1 [363,364]. IL-13 also indirectly activates TGF-b1 by upregu-
lating LAP-TGF-b1 complex [367,368]. IL-13 is a potent stimulator
of MMP and cathepsin-based proteolytic pathways in the lung
and liver. Therefore, IL-13-producing Th2 cells (probably also
ILC2) stimulate macrophage production of TGF-b1 [347] which
then functions as the primary stimulus for fibroblast activation
and collagen deposition. In support of this notion, when TGF-b1

activity was neutralized in the lungs of IL-13-transgenic mice,
development of subepithelial fibrosis was markedly reduced
[367]. Taken together, IL-13 can promote fibrosis directly or indi-
rectly through TGF-b1. Its profibrotic activity in human fibroblasts
is solely mediated by IL-13Ra1/IL-4Ra complex but not IL-13Ra2
based on genome-wide transcriptional analysis. IL-13Ra2 func-
tions as a decoy to inhibit IL-13 activity [28].

Based on the compelling data on the role of IL-13 in fibrosis,
several anti-IL-13 mAbs are in clinical development for IPF.
MedImmune is evaluating tralokinumab in a 186 mild-moderate
IPF patient study examining change in FVC at 72 weeks
(NCT01629667). Genentech is evaluating lebrikizumab in a study
of 250 IPF patients examining progression-free survival over a time
period up to 2.5 years (NCT01872689). Results from these studies
will provide data to validate the pathogenic role of IL-13 in this
disease.
10. Evolving biology

The role of Th2 cytokines in regulating metabolism associated
with obesity and glucose sensitivity have been recently recognized
in the mouse literature. Eosinophil-derived IL-4/IL-13 has been
shown to stimulate fibro/adipogenic progenitors cells for muscle
regeneration [369]. IL-4 and STAT6 signaling control peripheral
nutrient metabolism and insulin sensitivity [370]. Disruption of
STAT6 function decreases insulin action and enhances a peroxi-
some proliferator-activated receptor alpha (PPARa) – mediated
oxidative metabolism [370]. IL-4 and Th2 polarization improve
glucose homeostasis in mice on a high-fat diet [370]. Genetic abla-
tion of IL-13 in mice (IL-13�/�) results in hyperglycemia, which
progresses to hepatic insulin resistance and systemic metabolic
dysfunction as a result of upregulation of enzymes involving in
hepatic gluconeogenesis via a IL-13Ra1/Stat3 mechanism [371].

Eosinophils in visceral adipose tissue (VAT) have recently been
shown to play an important function in metabolic homeostasis and
maintenance of alternatively activated macrophages (AAMs) which
produce IL-4 but not IL-13 [372,373]. IL-5 deficiency significantly
impairs VAT eosinophil accumulation resulting in increased adi-
posity and insulin resistance in mice on a high-fat diet. ILC2s resid-
ing in VAT are responsible for the production of IL-5 and IL-13
[373]. IL-33, which activates ILC2s, mediates the increase in VAT
eosinophils and AAMs [373,374]. The most recent studies indicate
that ILC2s and IL-33 are important in mediating beiging of white
adipose tissues [374,375]. Beige (or brown) fat has a higher rate
of thermogenesis (or caloric expenditure) than white fat through
the expression of the uncoupling protein 1 (UCP1) in mitochondria
[374]. Loss- and gain-of-function studies show that ILC2- and
eosinophil-derived type 2 cytokines stimulate signaling via the
IL-4Ra in PDGFRa+ adipocyte precursor cells to promote beige
fat biogenesis [374]. Furthermore, ILC2s produce
methionine-enkephalin peptides that act directly on adipocytes
to upregulate UCP1 expression in vitro and that promote beiging
in mice [375]. Together, these data indicate that innate type 2
immune regulation plays an important role in mouse metabolic
homeostasis. Interestingly there have been no reports of frank
metabolic changes in patients from any of the IL-4, IL-13 or
IL-4/13 neutralisation clinical trials despite exposures of up to a
year. It remains to be seen whether these rodent findings will
extrapolate to man.
11. Conclusion and future directions

IL-4 and IL-13 can be produced by multiple cell types, their
receptors are ubiquitously expressed (see Fig. 1) and they mediate
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a broad range of functions which can potentially mediate multiple
diseases when their activities are dysregulated. Current rationale
for targeting IL-4 and/or IL-13 is most robust in allergic disease
(asthma, AD, AR) with decreasing levels of validation in fibrosis
(IPF), IBD (UC), COPD, cancer and autoimmune disease, respec-
tively. This is borne out by recent positive clinical data obtained
after inhibiting IL-13 (tralokinumab and lebrikizumab) or IL-4
and IL-13 (pitrakinra, dupilumab) in asthma, inhibiting IL-4 and
IL-13 in atopic dermatitis (dupilumab) and negative data from
IL-13 neutralization in IBD (tralokinumab, anrukinzumab) with
data from IL-13 neutralization pending in IPF and AD. The main
current and future challenge is patient selection and stratification,
clearly evidenced by the periostin data with lebrikizumab and
tralokinumab in asthma although this may only be relevant in dis-
eases with known heterogeneity such as asthma and COPD. Patient
selection does not currently seem an issue in AD with data on UC
phenotypic heterogeneity absent. It seems sensible to explore
stratification hypotheses in every trial in every disease to ensure
a negative result is a true negative.
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