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Abstract

Interleukin-33 (IL-33) and thymic stromal lymphopoietin (TSLP) are alarmins that are released upon
airway epithelial injury from insults such as viruses and cigarette smoke, and play critical roles in the
activation of immune cell populations such as mast cells, eosinophils and group 2 innate lymphoid cells.
Both cytokines were previously understood to primarily drive type 2 (T2) inflammation, but there is
emerging evidence for a role for these alarmins to additionally mediate non-T2 inflammation, with recent
clinical trial data in asthma and COPD cohorts with non-T2 inflammation providing support. Currently
available treatments for both COPD and asthma provide symptomatic relief with disease control, improving
lung function and reducing exacerbation rates; however, there still remains an unmet need for further
improving lung function and reducing exacerbations, particularly for those not responsive to currently
available treatments. The epithelial cytokines/alarmins are involved in exacerbations; biologics targeting
TSLP and IL-33 have been shown to reduce exacerbations in moderate-to-severe asthma, either in a broad
population or in specific subgroups, respectively. For COPD, while there is clinical evidence for IL-33
blockade impacting exacerbations in COPD, clinical data from anti-TSLP therapies is awaited. Clinical
data to date support an acceptable safety profile for patients with airway diseases for both anti-IL-33 and
anti-TSLP antibodies in development. We examine the roles of IL-33 and TSLP, their potential use as drug
targets, and the evidence for target patient populations for COPD and asthma, together with ongoing and
future trials focused on these targets.

Introduction

Asthma and COPD are chronic inflammatory airway diseases characterised by obstructive airflow
limitation. Both diseases have a significant burden on both patients and healthcare systems. While asthma
affects 262 million people with 461 000 deaths globally [1], COPD carries an even greater burden of
disease and is the third leading cause of death worldwide, responsible for ~3.2 million deaths in 2019 [2].
Both diseases are heterogeneous in terms of their clinical presentation and underlying inflammatory
mechanisms.

The most well-described biological phenotype is type 2 (T2)-high asthma driven by the T2 cytokines,
interleukin (IL)-5, IL-4 and IL-13, and is associated with blood and sputum eosinophilia [3]. The
identification of these critical pathways has led to the clinical success of biologic therapies antagonising
these targets, benefiting a subset of asthma patients with an eosinophilic inflammatory phenotype. Less is
known of the key pathologic drivers in non-T2 asthma and COPD. In patients with COPD, there is an
increase in airway neutrophils, in addition to increased numbers of macrophages, T- and B-lymphocytes,
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with both innate and adaptive immune responses being involved in COPD pathogenesis, C-X-C motif
chemokine ligand (CXCL) 1, C-X-C motif chemokine receptor 2 and T-helper (Th) 17. Some asthmatics
may have disease driven by non-T2 pathways such as the activation of IL-1, IL-17 and IL-6 pathways, and
characterised by neutrophilic inflammation [4-6]. However, this remains unproven without antibody trials
in specific patient groups. Defining non-T2 inflammation via the absence of high eosinophils remains
problematic since non-T2 biology may encompass heterogeneous endotypes. This review focuses on
epithelial alarmins, another group of cytokines that may be biologically relevant to both T2 and non-T2
asthma, together with COPD.

In both diseases, airflow obstruction and acute exacerbation of symptoms remain hallmarks of disease
severity, with acute exacerbations representing events with increased airway and systemic inflammation that
are related to the exacerbation trigger. Common triggers for acute exacerbations include viral or bacterial
infections, cigarette smoke, allergens and environmental factors such as air pollution; while allergens
typically drive T2 inflammation and related exacerbations, several of these triggers can also drive non-T2
inflammation and exacerbations. Airway neutrophilia in COPD is related to exacerbation severity
regardless of the exacerbation trigger, whereas higher sputum eosinophils are associated with viral
exacerbations [7]. Acute exacerbations of asthma or COPD are significantly harmful events in the life of
these patients because they contribute to symptomatic and functional decline, greater healthcare utilisation,
and early mortality [8, 9].

Currently available standard-of-care treatment of combined inhaled (-adrenergic agonists and inhaled
corticosteroids (ICS) mainly provide symptomatic relief with control of disease, and can often improve
lung function and reduce exacerbation rates. However, the response is generally better in asthma compared
to COPD and those with eosinophilic inflammation respond best to ICS [8, 10], although a subset of
patients with asthma and COPD are insensitive to ICS. The introduction of ICS for COPD patients is
usually made in those with a history of exacerbations. Biological treatments targeting specific
inflammatory pathways, such as anti-immunoglobulin (Ig)E, anti-IL-5, anti-IL-5Ro and anti-IL-4Ro
antibodies, are available for severe eosinophilic or severe allergic asthma as add-on maintenance therapy
for patients exhibiting a T2 inflammatory endotype. These add-on biological therapies have reduced the
rate of exacerbations, with variable effects on airflow obstruction, ranging from none to small
improvements [11]. Patients with non-T2 asthma, as assessed by a low blood eosinophil count and low
exhaled nitric oxide fraction, are not suitable candidates for these biologic therapies. Recently, tezepelumab
(anti-thymic stromal lymphopoietin (TSLP)) has been approved by the Food and Drug Administration
(FDA) for the treatment of severe asthma irrespective of the level of blood eosinophil count [12]. In
contrast to asthma, there are currently no approved biologics for COPD, although recent clinical trials have
indicated that IL-33 blockade may be a promising strategy for COPD [13-15], and treatment options
remain largely limited to bronchodilators and/or ICS. While azithromycin and the phosphodiesterase-4
inhibitor, roflimulast, are available for reducing COPD exacerbations, these therapies have limited adoption
due to side-effects. For azithromycin, side-effects are primarily gastrointestinal with potential for
arrhythmias and development of antibiotic resistance; while with roflimulast, gastrointestinal side-effects
with nausea predominate. Thus, a large unmet need remains in disease maintenance and acute exacerbation
reduction for COPD as well as for asthma, with ongoing clinical trials evaluating new biologics targeting
this unmet need.

A new arena for biologic therapies focuses on the alarmins, IL-33 and TSLP, as important cytokines that
can initiate and amplify innate and adaptive immune responses upon release from airway epithelial cells
following external insults from pollutants, certain allergens, viral or microbial agents (figure 1) [16]. Both
alarmins are found in multiple tissues and have been studied as potent activators of T2 immune responses
[17, 18]. The classic T2 immune response is characterised by the induction of Th2 cells, which leads to
the production of T2 cytokines such as IL-4, IL-5 and IL-13, and alarmins eliciting responses in multiple
cell types, including mast cells, group 2 innate lymphoid cells (ILC2s), eosinophils, dendritic cells (DCs)
and basophils. These cytokines also promote a skewing towards a B-cell IgE response, a classical trait of
allergic inflammation. Blockade of another alarmin, IL-25, in mouse models of allergic disease, appears to
attenuate allergic inflammation and airway hyperresponsiveness [19], suggesting a role for IL-25 in T2
inflammation. However, with several biological therapies already available to target T2 inflammation,
development appears to be shifting to address the unmet need in terms of different biological pathways.
Recent clinical evidence has highlighted the potential for IL-33 and TSLP in non-T2 inflammation,
making these alarmins an attractive target for asthma and COPD.

Despite COPD usually being characterised by sputum neutrophilia, up to one third of COPD patients may
have high sputum eosinophil levels [20]. Similarly, although asthma is considered to be driven in part by
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FIGURE 1 Interleukin (IL)-33 and thymic stromal lymphopoietin (TSLP) pathways in asthma and COPD. In response to insults to the airway
epithelium, the alarmins IL-33 and TSLP are released from damaged epithelial cells, although other sources of the alarmins also exist. The alarmin
IL-25 (not pictured here) is also released upon epithelial damage and has shown to induce type 2 (T2) inflammation and eosinophilia. IL-33
promotes inflammation through binding to its receptor, ST2 (IL1RL1), which is present on multiple cells including neutrophils, eosinophils,
macrophages, basophils and mast cells, resulting in the production of both T2 and non-T2 cytokines. Binding of IL-33 to the ST2 receptor results in
activation of downstream mitogen-activated protein kinase (MAPK) and NF-xB signalling. A decoy, soluble form of the ST2 receptor acts as a
negative regulator of IL-33 activity. Full-length IL-33 can undergo cleavage from different proteases (e.g. neutrophil elastase), which can produce
shorter isoforms that can either enhance or reduce IL-33 activity. Cigarette smoke has been shown to shift the type of immune response to IL-33,
limiting the T2 while leading to an exaggerated T1 response. TSLP has a broad immune effect, activating multiple cell types and resulting in the
production of cytokines typically associated with a T2 response, while also affecting mast cells, T-helper (Th) 1 cells, and other cells that result in
the production of both T2 and non-T2 cytokines. TSLP signals through its receptor, TSLPR, to activate downstream Janus kinase (JAK)/signal
transducer and activator of transcription (STAT) pathways with the absence of any decoy TSLPR. IL-33 and TSLP inflammatory pathways ultimately
result in changes to the nonimmune components of the lung microenvironment, such as smooth muscle contraction/hyperreactivity (both), goblet
cell mucus production (both), fibroblast activation (IL-33) and sensory neurons (TSLP), which contributes to the clinical symptoms and traits of
asthma and COPD. Figure created using BioRender.com. IgE: immunoglobulin E; IRAK: IL-1 receptor-associated kinase; MYD88: myeloid
differentiation primary response gene 88; NK: natural killer; TNF-o: tumour necrosis factor o.

T2 inflammation, a significant proportion of patients with severe asthma have neutrophilic or
pauci-granulocytic inflammation of the airways as measured by cell differentials of induced sputum [21].
Since TL-33 and TSLP contribute to both T2 and non-T2 pathways, they may represent an advance
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over targeting a single pathway (i.e. only T2 inflammation, such as with anti-IL-5 therapies) for asthma
and COPD.

In this review, we examine the role of IL-33 and TSLP in asthma and COPD, and review their potential
for multiple immune activation pathways in these diseases, and the clinical outcomes of novel therapeutics
targeting these alarmins.

IL-33 pathway

IL-33 overview

IL-33, a member of the IL-1 family of cytokines first identified in 1999, plays a key role in both innate
and adaptive immune responses (figure 1) [22]. It is expressed in endothelial, epithelial and fibroblast-like
cells, and therefore is found in multiple organs, with well-recognised functions in cancer and allergic
inflammation [17, 23, 24].

IL-33 is constitutively expressed in and mostly localised to barrier epithelial cells and endothelial cells
[25]; other cell types have also been described, such as fibroblasts, myofibroblasts and airway smooth
muscle cells [17, 26-29]. As IL-33 lacks a secretory signal motif and contains a chromatin binding
domain, under normal and inflammatory conditions, it is a tightly sequestered protein in the cell nucleus
bound to chromatin [30]. IL-33 is passively released as an “alarmin” upon tissue injury or necrosis,
secondary to cigarette smoke, pollutants and viral or bacterial exposure [31-33]. Allergens and certain
proteases such as calpain proteases can also activate IL-33 proteolytically, leading to increased release
from airway epithelial cells [33]. IL-33 can be considered to be both having pro-inflammatory effects and
can act as a nuclear transcription factor [17].

Although human full-length IL-33 is a 270-amino acid protein, shorter isoforms of IL-33 as a result of
inflammatory and apoptotic protease processing can either enhance or reduce IL-33 activity [34].
Additionally, cleavage by proteases from different cell types, such as mast cells and neutrophils, could lead
to differing IL-33 effects within microenvironments dependent on the cell types present or recruited to an
inflammatory insult. In necrotic cells, IL-33 undergoes cleavage with caspase-1 and becomes the active
form that is able to be bound by its receptor, ST2 (also known as IL-1RL1), with this cleaved IL-33
isoform being 10-30 times more potent in activating downstream signalling [28]. In apoptotic cells, IL.-33
undergoes cleavage with caspase-3 and -7 to be inactivated upon cell death [28]. This is an important layer
of regulation for homeostasis during cell turnover because apoptosis is a form of noninflammatory cell
death. Constitutive signalling without additional protease processing has also been described, particularly
with relation to changes in airway diseases [35, 36]; a spliced variant of IL-33 has been linked to increased
T2 cytokine activity in airway epithelial cells from asthmatics [35], whereas another isoform, IL-33%* is
increased in airway cells from COPD patients [36].

IL-33 and ST2 genetics

IL-33 is encoded by the IL33 gene, whereas ILIRL1 encodes ST2 [37]. Loss-of-function mutations in
IL33 have been associated with reduced risk of developing asthma and COPD, while gain-of-function
mutations have been associated with increased risk of both diseases [13, 38, 39]. Many single nucleotide
polymorphisms (SNPs) have been associated with increased susceptibility to disease in asthma [40-43];
however, not all TL33 SNPs have a detrimental effect on asthma. Loss of function mutations in IL33
appear protective against asthma while also causing a decrease in overall eosinophil counts [39]. A variant
of IL33 with a deletion of exons 3 and 4 variant can be secreted and is associated with T2 inflammation in
asthma [35]. Beyond the IL33 gene, genetic variants of IL1RL1 also play a role in regulating IL-33
signalling [44]. A protective variant of ILIRL1 in asthma has been shown to reduce overall IL-33
signalling activity via an increase in soluble ST2 (sST2) [45]. The genetics underlying the IL-33/ST2 axis
could play a major role in determining disease progression. The loss-of-function rs146597587:C allele was
associated with a 46% reduction in serum IL-33 protein levels, a reduction in blood eosinophil count and
a reduction in the risk of development of asthma [13]. This same loss of function was associated with a
21% reduction in risk of developing COPD, supporting the role of this pathway in COPD pathobiology.

ST2 receptor

Binding of IL-33 occurs through the formation of a heterodimer complex between ST2, the functional
receptor for IL-33, and IL-1 receptor accessory protein (IL1RAP), the shared receptor among the IL-1
family of cytokines [46, 47]. Ligand binding leads to the recruitment of (myeloid differentiation primary
response gene 88, a Toll-IL-1R domain binding protein, and activation of IL-1R associated kinase, which
in turn activates mitogen-activated protein kinases and NF-kB pathways, that requires tumour necrosis
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factor receptor associated factor 6 for activation. Given that some IL-1 family cytokines use IL1RAP, the
specificity of the IL-33 signal lies in its binding to ST2.

ST2 is found on multiple cell types including airway endothelial cells, ILC2s, mast cells, myeloid
cells, natural killer (NK) cells, Th cells (both T1 and T2), cytotoxic T-cells, NK T-cells, and basophils
[27, 48-50]. The dynamics of IL-33 binding to ST2 are tightly regulated by the release of sST2, which
serves as a decoy receptor [51-53]. sST2 sequesters free active IL-33, thereby preventing the binding of
membrane ST2 and IL-33, and therefore acts as a negative regulator of downstream IL-33 signalling.
Although the molecular mechanisms regulating the expression of sST2 are clear, it is highly induced
following exposure to proinflammatory cytokines, including IL-33 itself [54, 55]. Furthermore, oxidation
of IL-33 regulates the range and duration of its activity through formation of disulphide bridges that create
a conformational change preventing binding between IL-33 and ST2, providing a further level of control of
this interaction [56].

IL-33 and ST2 expression and actions in lung diseases

Epithelial expression of IL-33 is upregulated in both asthma and COPD, correlating with disease severity
(figure 1) [26, 27, 57, 58]. In mouse models, cigarette smoke represents a key trigger for epithelial 1L.-33
release and cigarette smoke exposure primes the release of IL-33 upon epithelial damage from influenza
virus infection [26, 27]. Simultaneously, cigarette smoke decreased ST2 expression on ILC2s while
increasing ST2 expression on NK cells and macrophages, resulting in a limited Th2 response [27]. This
synergistic effect leads to an exaggerated T1 inflammatory response to viral infections via IL-33-dependent
amplification of tumour necrosis factor oo (TNF-or), IL-12 and interferon-y. Indeed, NK, NK T-cells, ILC1
and Th1 cells are excellent producers of interferon-y when exposed to both IL.-12 and IL-33, two cytokines
that are commonly expressed in inflamed epithelial airways [59]. Differences in mouse and human IL-33
expression may limit translation of these findings; in mice, IL-33 is expressed by alveolar type II
pneumocytes whereas, in humans, the predominant source is in bronchial epithelial cells [60].

IL-33 promotes both T1 and T2 inflammation in vivo. Acute house dust mite allergen exposure in mice
increased eosinophils, IL-4, IL-5, IL-13, goblet cell metaplasia and IgE in the lungs, but long-term
exposure led to a mixed eosinophilic and neutrophilic phenotype characterised by IL-1f and TNF-o with
features of airway wall remodelling, and sustained IL-33 release which persisted even after cessation of
allergen exposure [61]. Both neutrophil and eosinophil numbers were reduced following IL-33 neutralising
antibody exposure, together with decreased ST2 expression. Thus, in this murine model, IL-33 played an
important role in causing mixed granulocytic inflammation with airway remodelling. In mice, there is also
evidence for a direct effect of IL-33 in promoting eosinophilic inflammation by supporting mature
eosinophils through systemic IL-5 production and expanding the number of IL-5Ro-expressing precursor
cells in the bone marrow [62].

Mast cells activated by IL-33 may contribute to the effects of IL-33. Studies using human cord
blood-derived mast cells have shown that IL-33 can both enhance IgE-mediated responses, in addition to
direct activation [63, 64]. Intriguingly, IL-33-activated mast cells released higher levels of IL-5 and IL-13
protein, but there was also increased production of the non-T2 mediators, TNF-o. and IL-8 [65].
Furthermore, transcriptomic analysis of sputum cells from patients with severe asthma show that an
IL-33-activating mast cell signature was enriched in patients with a mixed granulocytic and neutrophilic
phenotype, whereas IgE-activated mast cell signatures were enriched in patients with a predominantly
eosinophilic phenotype [65-69]. These data suggest that IL-33 activation of mast cells could be an
important mechanism for determining a mixed phenotype of T1 and T2 inflammatory response.

TSLP pathway

TSLP overview

TSLP, a member of the IL-2 cytokine family, was initially identified ~25 years ago as a cytokine
necessary for B-cell development [70]. Similar to IL-33, TSLP can be produced by epithelial cells in
multiple tissues such as lung, skin and the gastrointestinal tract, in addition to DCs, keratinocytes, stromal
cells, basophils and mast cells (figure 1) [18, 71-73]. TSLP is also classified as an “alarmin”, and
lung-derived parenchymal and immune cells have been shown to secrete TSLP upon exposure to
respiratory viruses, air pollutants, allergens and stimuli such as IL-4, IL-13 and TNF-a [16].

In response to TSLP, DCs induce naive CD4" T-cell proliferation and TH2 cell differentiation via
upregulation of the OX40L on the DC. TSLP-activated DCs can prime CD4" cells in an antigen-specific
manner, resulting in Th2-differentiated cells displaying characteristics of T2 immune responses, with
production of IL-4, IL-5, IL-13 and TNF-o. Additionally, TSLP-activated DCs can play a role in
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maintaining and further polarising chemoattractant receptor-homologous molecule expressed on Th2
(CRTH2") Th2 memory cells [74]. In addition to playing a role in helper T-cell differentiation, TSLP plays
a role in the development, function and recruitment of a subset of basophils to sites of T2 inflammation.
TSLP can further augment T2 responses through enhanced cytokine production from NK T-cells,
eosinophils and mast cells, with recent evidence implicating TSLP in the production of eosinophil
extracellular traps in response to infection [75].

Beyond inducing CD4" Th2 differentiation, TSLP also activates multiple cell types including DCs, ILC2,
NK T-cells, CD8" T-cells, B-cells, regulatory T-cells, eosinophils, neutrophils, monocytes, mast cells,
macrophages, platelets and sensory neurons [72].

While TSLP has primarily been thought of as a Th2-inducing cytokine, there is evidence for a role as Th1
effector in the recruitment of cells through Th1l chemokines such as CXCL10 and CXCL11 in both
patients with severe asthma and COPD [76]. Similar sources of production for TSLP and Thl- and
Th2-attracting chemokines across both diseases suggest that similar regulatory mechanisms exist to regulate
these responses regardless of their Th subsets. Additionally, TSLP modulates mast cell activation and
induces both T2 and non-T2 cytokines and chemokines [77]. TSLP can synergise with neuropeptides such
as substance P and pro-inflammatory cytokines such as IL-1B to activate mast cells and promote
degranulation and cytokine release. TSLP also regulates mast cell development [78]. Furthermore, TSLP
can activate sensory neurons in both T2 and non-T2 conditions, inducing itch in the skin [79, 80]. Thus,
similar to IL-33, TSLP has been implicated as having broad inflammatory properties that are influenced by
the inflammatory microenvironment.

TSLP has multiple variants with distinct functions [72]; the long isoform of TSLP (IfTSLP) plays a role in
allergic inflammation, while the short isoform of TSLP (sfTSLP) is a potential splice variant [81]. Poly
(I:C), an activator of the Toll-like receptor (TLR) 3 pathway and a viral mimic, induces the expression of
IfTSLP by bronchial epithelial cells and contributes to Th2-mediated inflammation. TLRs such as TLR2,
TLR3, TLR5 and TLR6 upregulate both sfTSLP and IfTSLP [81-84].

sfTSLP has been identified as primarily a homeostatic mediator in human keratinocytes, where it is
constitutively expressed and was shown to have properties of an antimicrobial peptide [85]. Higher levels
of IfTSLP than sfTSLP were induced via the TLR3 pathway. sfTSLP was also tested as an antimicrobial
peptide across multiple species of bacteria and was effective in limiting bacterial growth when compared
with IfTSLP. While these isoforms were initially believed to be TSLP alternative splice variants, they are
actually regulated instead by differential promoter regions and by pro- and anti-inflammatory stimuli [86].

TSLP genetic variants

Similar to IL-33, TSLP genetic variants are also strong risk factors in asthma disease development. The
gene encoding for TSLP leads to the production of both sfTSLP and IfTSLP with either two or four exons
respectively [86]. Multiple genome-wide association studies have identified TSLP as a locus of interest in
asthma [43, 87]. SNPs found in the TSLP-promoter locus are also associated with an increased
susceptibility to asthma [88-91]. While protective variants against disease for TSLP have not been found
in asthma or COPD, one such variant has been found in another allergic condition, atopic dermatitis [92].
Further work to identify TSLP SNPs is needed to determine their impact on lung disease.

TSLP receptor

Binding of TSLP is mediated through the TSLP receptor (TSLPR), a heterodimer of TSLPR and the
IL-7Ro subunit [93, 94]. TSLPR can be found on multiple cell types in lung airways, including epithelial
cells, endothelial cells, DCs, ILC2, NK T-cells, CD4" T-cells, CD8" T-cells, B-cells, regulatory T-cells,
eosinophils, neutrophils, monocytes, mast cells, macrophages, platelets and sensory neurons [16, 72].
Elevated TSLPR expression in bronchial biopsies from severe COPD patients has been reported [95] and
cigarette smoke increased TSLPR expression in human airway smooth muscle cells [96]. The requirement
for both TSLPR and IL-7Ra dictates the specificity and regulation of TSLP activity in vivo. Unlike IL-33,
TSLP does not appear to have a decoy receptor that regulates downstream signalling alongside its nuclear
receptor [18].

TSLP expression in lung diseases

Elevated levels of TSLP messenger RNA (mRNA) and protein have been found in the bronchial mucosa
of both COPD and asthma patients [97]; elevated TSLP levels have been correlated with increased asthma
susceptibility and severity, but the role of TSLP in COPD is not as well understood [76, 98]. TSLP mRNA
is higher in patients with severe asthma and elevated levels of Th2-attracting chemokines IL-4 and IL-13
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are associated with higher TSLP concentrations in the lamina propria of asthmatic patients [99]. Beyond
higher levels of TSLP protein expressed in the airway epithelium of asthmatic patients, respiratory viruses,
bacteria, allergens and loss of airway epithelial integrity can also induce TSLP expression [82, 100-104].

TSLP plays a large role in the initiation of allergic T2 inflammation through DCs, both permitting a T2
inflammatory cascade and inducing Th2 cells (figure 1) [47]. As an activator of the response, TSLP
upregulated major histocompatibility complex class II molecules and induced CD4" Th2 cell differentiation
into Th2 cells via upregulation of OX40L on DCs [105]. This induction further drives T2 responses as
TSLP leads to an increase in Th2 cytokines in asthma by promoting proliferation and differentiation of
naive CD4" T-cells to produce IL-4 for a continued Th2 response [98, 106]. In an allergic asthma murine
model, rhinovirus infection induced an increase in IL-13-producing ILC2 cells, with simultaneous
increases in lung IL-13 and TSLP. In the same model, blocking TSLP effects via TSLPR knockout or
TSLP-neutralising antibodies limited ILC2 response to infection [103]. These data suggest that TSLP
impacts asthma exacerbations primarily via amplification of a T2 response, whereas data from murine
models for asthma suggest a dual role for IL-33 in response to viruses, with attenuation of a T2 response
in addition to modulating T1 responses and enhancing viral clearance and antiviral cytokines [107].

Serum TSLP levels appear much higher in patients with asthma than in patients with COPD [108, 109].
Together with greater expression of TSLP in asthma, a primary role for TSLP as a Th2-inducing cytokine
implies that there may be a more limited role for TSLP in COPD than in asthma. TSLP release from
airway smooth muscle cells in COPD patients in vitro and in vivo appears to be triggered by IL-1p and
TNF-c, indicating that TSLP is an upstream pathway for airway inflammation [110]. In COPD, TSLP
production in bronchial epithelial cells may be mediated by Th17, suggesting that anticholinergics may
exert an anti-inflammatory effect in COPD via TSLP [111] and that the role of TSLP in COPD may be
more limited to airway smooth muscles. Nonetheless, TSLP may play a role as a Thl effector in the
recruitment of cells through various Th1 chemokines such as CXCL10 and CXCL11 in both patients with
severe asthma and COPD [40], and TSLP, together with TLR3, can promote differentiation of Th17 cells
via DCs [111]. Further work is needed to understand a potential role for TSLP in non-T2 responses and
exacerbations of COPD.

Insights from clinical trials
Within the last 1S0 years, trials with biological drugs targeting the IL-33/ST2 and anti-TSLP pathways in
asthma and COPD have been and continue to be undertaken (table 1).

Anti-IL-33/anti-ST2
Anti-IL-33/ST2 therapies are under development by Regeneron/Sanofi, AstraZeneca, GSK and Genentech/
Roche.

Asthma

Regeneron’s anti-IL-33 antibody, REGN3500 or itepekimab, while failing to demonstrate superiority
against dupilumab alone or in combination with dupilumab in patients with asthma, was efficacious in its
own right; patients in the itepekimab arm had a 58% lower chance of asthma loss of control in comparison
to placebo [112]. GSK discontinued development of its anti-ST2 molecule, melrilimab (GSK3772847),
following phase 2a study where patients in the intervention arm had a 18% lower chance of asthma loss of
control versus the placebo arm [113]. Genentech’s anti-ST2 antibody, astegolimab, significantly reduced
annualised asthma exacerbation rate by 43% compared with placebo in a phase 2b study (table 1) [114].
AstraZeneca’s anti-IL-33 antibody, tozorakimab (MEDI3506), currently has a phase 2a study underway in
asthma. In contrast to anti-TSLP therapy, the efficacy of anti-IL-33/ST2 antibodies therapy appears to be
greater in, but not limited to, patients with lower baseline blood eosinophils in comparison to patients with
high blood eosinophils. Astegolimab had the greatest reduction in asthma exacerbations in patients with
blood eosinophils <300 cells-uL.™, with a 51.4% reduction in exacerbations compared to a 13.3%
reduction in those with blood eosinophils >300 cellsuLf1 at the 490 mg dose [114].

COPD

The primary outcome data in phase 2 studies for anti-IL-33/ST2 has been negative; however, subgroup
analyses from these trials have led to further pivotal studies being launched. Itepekimab, an anti-IL-33
antibody, is continuing to be developed for COPD with two phase 3 studies following phase 2a data
showing a nonsignificant reduction of 19% compared with placebo in annualised exacerbation rate [13]. In
this study, there was a greater nonsignificant exacerbation reduction in patients with high baseline blood
eosinophil levels (22% for >250 cells-uL. ™" versus 16% (p=0.32) for <250 cells-uL.™"); a post hoc analysis
also revealed a 40% exacerbation rate reduction in former smokers. A phase 2b study with astegolimab, an
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TABLE 1 Completed and ongoing studies with drugs targeting airway diseases via anti-thymic stromal lymphopoietin (TSLP) and anti-interleukin (IL)-33/ST2 pathways

Study/drug Target population Study design Dose Key inclusion criteria Key results summary Key results according to type 2
inflammation
Asthma
Anti-IL-33/ST2
NCT02918019 Severe asthma n=502 (120 patients 1:1:1:1 Age 18-75 years; >1 43% annualised asthma Annualised rate of exacerbation
[114] per arm) 70 mg every 4 weeks,  asthma exacerbation exacerbation rate reduction reduction: 53.6% (p=0.0016) in
ZENYATTA study Primary end-point: 210 mg every in prior 12 months; (p=0.0049) and FEV, patients with baseline blood
Astegolimab annualised rate of 4 weeks, 490 mg FEV; 40-80%; improvement of 0.128 L eosinophils <300 cells-uL™" versus
(anti-ST2) asthma exacerbations every 4 weeks, nonsmokers (nonsignificant) for 490 mg dose 10.2% (p=0.7718) in patients with
at week 52 placebo in comparison with placebo eosinophils >300 cells-ul ™
Stratified by FEV; improvement appeared to be
screening blood higher in patients with baseline blood
eosinophil counts eosinophil counts <150 cells-uL™" in
(<150, 150-<300, the 490 mg group
>300 cells-ul™)
NCT03387852 Moderate-to-severe n=296 (74 patients 1:1:1:1 Age 18-70; >1 22% of patients in the In the itepekimab only group, for loss
[112] asthma per arm) Itepekimab alone asthma exacerbation itepekimab group experienced of asthma control events, patients
Itepekimab Primary end-point: every 2 weeks, in prior 12 months; an event indicating a loss of with baseline blood eosinophils
(anti-IL-33) loss of asthma itepekimab FEV; 40-85%; asthma control versus 27% in >300 cells'mm™ had an odds ratio
control events from +dupilumab every nonsmokers the combination group and 41%  versus placebo of 0.39 (95% CI 0.14-
baseline to week 12 2 weeks, dupilumab in the placebo group 1.05) compared to 0.46 (95% Cl 0.15-
alone every 2 weeks, The corresponding odds ratio 1.41) in patients with baseline blood
placebo compared to placebo was 0.42 eosinophils <300 cellssmm™
(95% CI 0.20-0.88; p=0.02) for
itepekimab and 0.52 (95% ClI
0.25-1.06; p=0.07) in the
combination group
NCT04570657 Moderate-to-severe n=228 (76 patients 1:1:1 Age 18—<65 years; >1 Study ongoing
FRONTIER-3 uncontrolled asthma per arm) MEDI3506 dose 1, asthma exacerbation
study Primary end-point: MEDI3506 dose 2, in prior 12 months,
Tozorakimab change from baseline placebo pre-BD FEV; 40-85%);
(MEDI3506) to week 16 in pre-BD nonsmokers
(anti-IL-33) FEV,
NCT03207243 Moderate-to-severe n=165 1:1 >18 years of age, 67% of patients who received
Melrilimab asthma Primary end-point: 10 mg-kg™* every 4 treatment with high melrilimab intravenously every
(GSK377284T7) percentage of weeks i.v., placebo dose ICS, ACQ-5 4 weeks suffered loss of asthma
(anti-ST2) participants with loss score 1.0-4.0, >1 control, compared to 81% of

of asthma control
over weeks 0-16

asthma exacerbation
within 12 months,
nonsmokers

people on placebo
Median rate ratio 0.82 (95% ClI
0.66-0.99)

Continued
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TABLE 1 Continued

Study/drug Target population Study design Dose Key inclusion criteria Key results summary Key results according to type 2
inflammation
Anti-TSLP
NCT02054130 Severe asthma n=550 (~138 patients 1:1:1:1 Age 18-75years; 22  71% exacerbation rate reduction  Annualised exacerbation reduction in
[109] per arm) 70 mg every 4 weeks, asthma exacerbations  (p<0.001), FEV; improvement of the 210 mg every 4 weeks arm:
PATHWAY study Primary end-point: 210 mg every requiring 0.13 L (p=0.009) for 210 mg dose ~ 62% (p=0.021) in patients in high Th2
Tezepelumab annualised rate of 4 weeks, 280 mg glucocorticoids or >1 in comparison with placebo group versus 84% (p<0.001) in
(anti-TSLP) asthma exacerbations every 2 weeks, asthma exacerbation patients in low Th2 group”
at week 52 placebo leading to 65% (p=0.005) versus 79% (p<0.001)
Randomisation hospitalisation in in patients with blood eosinophils
stratified by blood prior 12 months; FEV; <250 cells'mL™" versus >250 cells-mL™*
eosinophil count of 40-80%; nonsmokers
>250 or or former smokers
<250 cells'mL™?) with smoking history
<10 pack-years
NCT03347279 Severe asthma n=1061 (~530 1:1 Age 12-80 years; =2  66% exacerbation rate reduction Annualised exacerbation rate
[117] patients per arm) 210 mg every asthma exacerbations  (p<0.001), FEV; improvement of reduction:

NAVIGATOR study
Tezepelumab
(anti-TSLP)

NCT03688074
[116]

CASCADE study
Tezepelumab
(anti-TSLP)

Moderate-to-severe
asthma

Primary end-point:
annualised rate of
asthma exacerbations
at week 52
n=55 patients per
arm
Primary end-point:
reduction in number
of airway submucosal
inflammatory cells
(eosinophils,
neutrophils, T-cells
and mast cells) at
28 weeks
Stratified by
screening blood
eosinophil counts
(<150, 150—
<300 cells-uL™?)

4 weeks, placebo

11
210 mg every
4 weeks, placebo

in prior 12 months;
FEV, <80% (<90% for
patients 12-17 years
old)

Age 18-75 years; FEV;

>50%, nonsmokers or

former smokers with
smoking history
<10 pack-years

41% (p<0.001) in patients with blood
eosinophils <300 cells-uL™", versus
70% for patients with blood
eosinophils >300 cells-ul™*
Reduction in airway submucosal
eosinophils was similar across all
groups according to baseline blood
eosinophils

0.13 L (p<0.001) for 210 mg dose
in comparison with placebo

Airway submucosal eosinophils
reduction in tezepelumab versus
placebo group (ratio of
geometric least-squares means
0.15 (nominal p<0.0010)

No differences between
treatment groups in the other
cell types evaluated

Continued
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TABLE 1 Continued

Study/drug Target population Study design Dose Key inclusion criteria Key results summary Key results according to type 2
inflammation
NCT03406078 Severe uncontrolled, n=150 11 Age 18-80 years; FEV; The (cumulative) odds of In patients with a baseline blood
[123] 0OCS-dependent asthma Primary end-point: 210 mg every >50%, nonsmokers or  achieving a category of greater eosinophil count >150 and

SOURCE study
Tezepelumab
(anti-TSLP)

NCT04410523
CSJ117 (inhaled
anti-TSLP)

COPD

Anti-IL-33/ST2
NCT03546907
[13]
Itepekimab
(anti-1L-33)

Severe asthma

Moderate-to-severe COPD

percent reduction
from baseline in the
daily OCS dose while

not losing asthma

control at week 48

n=625
Primary end-point:
change from baseline
in pre-BD FEV;

n=170 patients per
arm
Primary end-point:
annualised rate
reduction of
moderate-to-severe
COPD exacerbations
during 24-52-week
treatment period

4 weeks, placebo

0.5 mg, 1 mg, 2 mg,
4 mg, 8 mg and
placebo

11
300 mg every
2 weeks, placebo

former smokers with
smoking history
<10 pack-years,
medium- or
high-dose ICS and
LABA, OCS for at
least 6 months,
pre-BD FEV; <80%
predicted normal

Age >18 and
<75 years, treatment
with medium/high
dose ICS plus LABA
with up to two
additional
controllers, pre-BD
FEV; of >40% and
<85% of the
predicted normal,
ACQ-5 score of >1.5

Age 40-75 years,
current and former
smokers, chronic
bronchitis, FEV; 30—
80%; >2 moderate or
>1 severe COPD
exacerbations in prior
12 months

>300 cells-uL™?, the (cumulative)
odds of achieving a category of
greater percentage reduction in
maintenance OCS dose at week 48
were 2.58 (95% Cl 1.16-5.75) and 3.49
(95% Cl 1.16-10.49) times higher with
tezepelumab than placebo,
respectively
No effects of tezepelumab versus
placebo on OCS dose reduction were
observed in patients with low
baseline blood eosinophil counts
(<300 and <150 cells-pL™?)
Data expected 2022

percentage reduction in
maintenance OCS dose at week
48 was numerically higher with
tezepelumab than placebo (OR
1.28, 95% Cl 0.69-2.35; p=0.43)

Annualised exacerbation rate
reduction:

22% (p=0.28) in patients with
eosinophils >250 cellsuL‘1 versus
16% (p=0.32) in patients with
eosinophils <250 cells-uL™*
42% (p=0.0061) in former smokers
versus —9% (p=0.65) in current
smokers

19% exacerbation rate reduction
(p=0.13)
Pre-BD FEV; improvement of
0.06 L (p=0.024) in comparison
with placebo

Continued
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TABLE 1 Continued

Study/drug

Target population

Study design

Dose

Key inclusion criteria

Key results summary

Key results according to type 2
inflammation

NCT03615040
[15]

COPD ST20P
Astegolimab
(anti-ST2)

NCT04701983
NCT04751487
AERIFY-1 and
AERIFY-2 studies
Itepekimab
(anti-1L-33)

NCT05037929
ALIENTO study
Astegolimab
(anti-ST2)

NCT04631016
FRONTIER-4
Tozorakimab
(MEDI3506)
(anti-1L-33)

NCT05166889
OBERON study
Tozorakimab
(MEDI3506)
(anti-IL-33)

Moderate to very severe
COPD

Moderate-to-severe COPD

Moderate to very severe

COPD

Moderate-to-severe COPD

Moderate to very severe
COPD

n=40 patients per
arm
Primary end-point:
annualised

rate reduction of
moderate-to-severe
COPD exacerbations

during 48-week

treatment period

n=310 patients per
arm
Annualised
rate reduction of
moderate-to-severe
COPD exacerbations
in former smokers
during 52-week
treatment period
n=310 patients per
arm
Annualised rate
reduction of
moderate-to-severe
COPD exacerbations
during 52-week
treatment period

n=114 (57 patients
per arm)
Primary end-point:
change from baseline
to week 12 in pre-BD
FEV,

n=1272 (424 patients
per arm)
Primary end-point:
annualised rate of
moderate-to-severe
COPD exacerbations
in participants who
are former smokers”

1:1 490 mg every
4 weeks, placebo

111
300 mg every
2 weeks, every
4 weeks, placebo

1:1:1 476 mg every
2 weeks, 476 mg
every 4 weeks,
placebo

1:1
Tozorakimab,
placebo

1:1:1
Tozorakimab dose 1,
tozorakimab dose 2,

placebo

Age 40-75 years,
current and former
smokers, FEV; 30—

80%; >2 moderate or
severe exacerbations
in prior 12 months

Age 40-85 years,
former smokers”,
chronic bronchitis,

>2 moderate or >1
severe COPD
exacerbation in prior
12 months

Age 40-90 years,
current and former
smokers, FEV;
20-80%; >2
moderate or severe
exacerbations in
12-month period
within prior 24
months
Age 40-75; current or
former smokers with
COPD, chronic
bronchitis, >1
moderate or severe
COPD exacerbation in
the previous
12 months, dual or
triple therapy
Age >40, current and
former smokers, FEV;
>20%, >2 moderate
COPD exacerbations
or >1 severe COPD
exacerbation in the
prior 12 months

22% annualised exacerbation
rate reduction (p=0.195)

Post-BD improvement in FEV; of
40.0 mL (p=0.094) for

astegolimab versus placebo

group at 48 weeks

Improvement in SQGRQ-c of
—3.3 points (p=0.039) for

Annualised exacerbation rate
reduction:
37% reduction in patients with
baseline blood eosinophils <300 per
uL versus 37% increase in patients
with blood eosinophils >300 cells-uL™*
(p=0.072)

astegolimab versus placebo

group at 48 weeks

Study ongoing

Study ongoing

Study ongoing

Study ongoing

Continued
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TABLE 1 Continued

score at 12 weeks

(ICS/LABA/LAMA)

Study/drug Target population Study design Dose Key inclusion criteria Key results summary Key results according to type 2
inflammation
NCT05158387 Moderate to very severe n=1272 (424 patients 111 Age >40, current and Study ongoing
TITANIA study COPD per arm) Tozorakimab dose 1,  former smokers, FEV,
Tozorakimab Primary end-point: tozorakimab dose 2, >20%, >2 moderate
(MEDI3506) annualised rate of placebo COPD exacerbations
(anti-1L-33) moderate-to-severe or >1 severe COPD
COPD exacerbations exacerbation in the
in participants who prior 12 months
are former smokers®
Anti-TSLP
NCT04039113 Moderate to very severe n=338 11 Age 40-80 years, Data expected 2023
Tezepelumab COPD Primary end-point: Every 4 weeks or current and former
(anti-TSLP) moderate or severe placebo smokers, FEV; 20—
COPD exacerbation 80%; >2 moderate or
rate ratio severe exacerbations
(tezepelumab versus in 12 months, CAT
placebo) score >15, on triple
therapy (ICS/LABA/
LAMA)
NCT04882124 COPD n=300 1:1:1 Age >40 years, Data expected 2023
CSJ117 (inhaled Primary end-point: 4 mg, 8 mg and former or current
anti-TSLP) change from baseline  placebo inhaled once ~ smokers with COPD
in E-RS symptom daily on triple therapy

M3IINTY AHOLVYIdSIY NVY3Id0odN3

[4s

ACQ: asthma control questionnaire; BD: bronchodilator; CAT: COPD Assessment Test; COPD: chronic obstructive pulmonary disease; E-RS: Evaluating Respiratory Symptoms—COPD; FEV;: forced
expiratory volume in 1s; ICS: inhaled corticosteroids; LABA: long-acting beta-agonists; LAMA: long-acting muscarinic antagonist; OCS: oral corticosteroids; SQGRQ-c: St George Respiratory
Questionnaire-COPD; Th2: T-helper 2. *: Th2 status defined as: high=immunoglobulin E (IgE) >100 IU'mL™ and eosinophil count >140 cells.uL™?; low IgE <100 IU'mL™* or eosinophil count
<140 cells-uL™. *: AERIFY-2 contains an additional two arms (itepekimab every 2 weeks, placebo) with current smokers. *: Primary end-point will be assessed first in primary population (former
smokers) and then assessed in the overall population. %: Primary end-point will be assessed first in primary population (former smokers) and then assessed in the overall population.
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anti-ST2 antibody, in COPD is underway following a phase 2a study showing a nonsignificant reduction
of 22% compared with placebo in annualised exacerbation rate [15]. In contrast to itepekimab, there was
greater response in patients with low baseline eosinophil levels with astegolimab treatment (37% reduction
for <300 cells'uL.™" versus 37% increase for >300 cells-uL.™' (p=0.072)). AstraZeneca’s anti-IL-33
antibody, tozorakimab (MEDI3506), currently has phase 2a and phase 3 studies underway in COPD.

Clinical data suggest that anti-IL-33/ST2 therapies could benefit patients with both T2 and non-T2 asthma,
the latter being an area where there remains high unmet need, as well as patients with COPD, where T1
immune responses are thought to play a primary role. This could be a result of the ST2 receptor playing a
major role in establishing and regulating both T1 and T2 inflammation, but may also reflect the IL-33/ST2
blockade modulating the local inflammatory microenvironment according to the predominant type of
inflammation present.

Targeting IL-33 directly should yield similar responses to targeting ST2; however, one potential effect of
targeting IL-33 directly would be preventing the role of IL-33 as a chemoattractant during its release in
tissue damage [115]. There could be other cell types (e.g. mast cells) beyond Th2 and/or ILC2 responsive
cells that are recruited by IL-33 that could be key in determining the effects of anti-IL-33 therapy. The
emergence of a potentially ST2-independent pathway and IL-33 signalling via RAGE will be an area of
future research interest to understand whether this suggests a difference in clinical outcomes with targeting
the IL-33 pathway with anti-IL-33 ligand versus anti-ST2 antibodies. Phase 2 studies of astegolimab and
itepekimab showed opposite directionality in subgroup efficacy trends according to baseline blood
eosinophils and smoking status; although data from larger pivotal studies will help identify differences, if
any. Whether smoking status is an important selection factor for treatment with anti-IL-33/ST2 biologics
will be informed by the current phase 2 and 3 studies with itepekimab, tozorikimab and astegolimab.
Understanding potential clinical differences in targeting either IL-33 or ST2, due to the role of sST2 as a
decoy receptor, is a question in both asthma and COPD; however, in the case of targeting the anti-IL-5
ligand versus anti-IL-5Ra. receptor, clinical benefit and safety appear broadly similar, and this could prove
to be true for the IL-33/ST2 pathway.

Anti-TSLP

Clinical data for airways diseases is currently only available for one anti-TSLP therapy developed by
AstraZeneca, tezepelumab, in asthma. Additionally, Novartis is developing an inhaled anti-TSLP molecule,
CSJ117, with phase 2 studies underway for asthma (NCT04410523) and COPD (NCT04882124).

Tezepelumab received FDA approval for the add-on maintenance treatment of severe asthma on the basis
of annualised exacerbation rate reduction demonstrated across multiple studies (table 1) [109, 116, 117].
Tezepelumab is approved for treating asthma irrespective of blood eosinophil level, with phase 3 data in
the PATHWAY and NAVIGATOR studies suggesting greater efficacy for exacerbation reduction in patients
with high blood eosinophil count and/or fractional exhaled nitric oxide, taken to represent predominantly
T2 inflammation. In the CASCADE study, additional to an effect on asthma exacerbations, tezepelumab
resulted in a greater reduction in airway submucosal eosinophils compared to placebo, although there was
no measurable effect on submucosal neutrophils, T-cells or mast cells [116]. However, anti-TSLP
treatment improved mannitol-induced airway hyperresponsiveness, an effect that has not been associated
with other eosinophil-targeted biologics, suggesting that TSLP antagonism may involve non-T2
mechanisms such as mast cell degranulation and airway smooth muscle hyperresponsiveness [118].
Tezepelumab also attenuated allergen-induced early and late asthmatic responses in patients with mild
asthma [119]. Anti-epithelial cytokine therapy may have disease-modifying potential, as evidenced by a
decrease in biomarkers of inflammation (ILS5R and pregnancy-associated plasma protein A) and matrix
remodelling (matrix metalloproteinase-10 and periostin) in the phase 2B PATHWAY study of anti-TSLP,
which additionally showed efficacy in exacerbation reduction with non-T2 asthma [109]. However,
whether these effects are sustained after discontinuation of biologic therapy, indicative of true disease
modification, will require longitudinal studies. A phase 2a study for tezepelumab in COPD is underway
(NCT04039113).

Benefits/risks of IL-33 or TSLP blockade

Efficacy and non-T2 potential of IL-33 or TSLP blockade

Corticosteroids, whether inhaled or oral, are a key element of maintenance therapy to help prevent and
control chronic airway inflammation that can lead to worsening of symptoms and airway remodelling in
asthma and COPD. There are reports that T2 airway inflammation in response to allergens can trigger
steroid resistance or insensitivity through synthesis of TSLP and induction of the IL-33 pathway in
conjunction with CD4" or natural helper cells [120-122]. Furthermore, in bronchoalveolar lavage fluid
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from patients with asthma, the presence of elevated TSLP was associated with steroid-resistant ILC2 cells,
with reversal of resistance following inhibition of TSLP-signalling pathways such as MAPK kinase (MEK)
or signal transducer and activator of transcription 5. Together, both anti-TSLP and anti-IL-33/ST2 therapies
may have an important role in reversing steroid insensitivity in underlying severe asthma. Notably, in the
150-patient SOURCE study (NCT03406078), tezepelumab had a positive effect on exacerbations, forced
expiratory volume in 1 s (FEV,) and symptoms, but failed to significantly reduce oral corticosteroid (OCS)
dose in patients with OCS-dependent asthma (although there were better cumulative odds for reduction in
OCS use in the tezepelumab group versus placebo in the subgroup with blood eosinophils >150 cells-uL ™"
at baseline) [123].

The role of eosinophilic inflammation in COPD has been the subject of intense research interest. While
early studies of oral and inhaled corticosteroids have shown benefit in treating COPD patients in terms of
reduction in exacerbation rates [124—126], the results of clinical trials targeting eosinophilic inflammation
in COPD with mepolizumab (anti-IL-5) and benralizumab (anti-IL-5R) have not been as robust [127, 128].
Further studies will be needed to elucidate the role of eosinophils as a driver as contrast to a bystander role
in COPD.

In mice, expression of lung-specific TSLP induced airway inflammation and airway hyperresponsiveness
[129]. In the exploratory studies CASCADE and UPSTREAM, blocking TSLP reduced mannitol-
associated airway hyperresponsiveness, suggesting that alarmins play a significant role in airway
hyperresponsiveness [118, 130]. Human bronchial epithelial and airway smooth cells express IL-33 and, in
asthmatics, this expression correlates with airway hyperresponsiveness through upregulation of mast
cell-derived IL-13 [131]. Clinical studies of the effectiveness of blocking TSLP and the IL-33/ST2 axis in
reducing airway hyperresponsiveness are needed.

Exacerbations remain the most common primary end-point for pivotal clinical trials of biologics in asthma
and COPD [132]. However, other measures such as the health-related quality of life, functional capacity,
disease control or modification and airway hyperresponsiveness may be complementary outcomes that can
provide additional insight into the effectiveness of biological therapy [133, 134]. For trials of biologics,
benefit in terms of FEV; improvement has been small, especially in COPD, and the results for
patient-reported outcomes have been mixed across studies, suggesting that the reduction in exacerbations
does not necessarily confer a benefit in other outcomes. However, reducing exacerbations remains an area
of high unmet need and add-on therapies that reduce exacerbations by even 20-25% in COPD can be
clinically meaningful since few available therapies specifically target exacerbations, and are limited either
by the intended patient population (e.g. severe COPD associated with chronic bronchitis for roflumilast) or
potential side-effects (e.g. azithromycin).

The IL-6 transignalling pathway (a neutrophilic phenotype) has been previously described; IL-33 may also
activate this IL-6 transignalling pathway and may be a non-T2 mechanism of anti-IL-33/ST2 [5].

Safety

Both anti-TSLP and anti-IL-33/ST2 therapies appear to have good tolerability and safety profiles for airway
diseases thus far. There is experimental evidence that IL-33 plays a protective role in helminth infections due
to its modulation of T2 immunity and viral infections via its effects on ILC2s [135] and T1 immunity [136],
respectively. However, there has been no evidence for an increased risk of infections in published trials of
tezepelumab in patients with moderate or severe asthma and in phase 2 studies of itepekimab and
astegolimab in both asthma and COPD patients [13, 15, 117]. Continued monitoring in future trials is
essential. The effects of these treatments on the airway microbiome of such patients should be studied.

Conclusions and future perspectives

Although our understanding of both IL-33 and TSLP has expanded beyond their role as specific inducers
of T2 immune responses, many questions remain unanswered. The mechanism of action for both alarmins
requires further evaluation to determine their role in treating pulmonary disease. Understanding the role of
different immune cells during IL-33/ST2 and TSLP blockade, in response to different pathogenic and
environmental factors (e.g. smoking), and effects of alarmin release on current treatments should serve as a
focus area in identifying patient populations most likely to benefit from anti-IL-33 and TSLP therapy and
may help determine optimal treatment regimens for symptom alleviation and improved quality of life.

Clinical interest in IL-33 and TSLP as targets that regulate both T1 and T2 immune responses in asthma
and COPD has yielded multiple clinical investigations. In asthma, studies for both anti-TSLP and
anti-IL-33/ST2 in asthma met their primary end-point. For COPD, data from ongoing phase 2 and 3 trials
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of anti-IL-33/ST2 and anti-TSLP antibodies are eagerly awaited since phase 2 studies of anti-IL.-33/ST2
blockade, although encouraging, did not meet their primary end-point, and for anti-TSLP blockade, there
is no clinical data available yet. Clinical data to date suggest that anti-alarmin therapies hold particular
promise for patients with non-T2 inflammation for whom treatment options remain limited. Given their
ability to modulate T1 and T2 responses, further investigation for the role of anti-alarmin therapies in
patients who are refractory to treatment with existing biologics is warranted, as is investigation into the role
of anti-alarmin therapies in the asthma—COPD overlap [137]. To date, anti-IL-33/ST2 and anti-TSLP
therapies in development have an acceptable safety profile that support their future use as maintenance
therapies, although it remains uncertain as to whether their use would impact on OCS use in patients with
asthma or COPD. With the recent approval of tezepelumab in asthma, real-world evidence will become
available as to the impact of anti-TSLP therapy on disease control. Currently, pivotal studies for both
anti-IL-33/ST2 and anti-TSLP have focused on exacerbation reduction as the primary end-point, as well as
(short-term) asthma control. However, future trials should additionally evaluate the role of these alarmins
in long-term disease modification and asthma remission. Although both TSLP and IL-33/ST2 are both
epithelial alarmins, they represent distinct biological processes. Investigating the interaction between these
two pathways should also represent an important future research avenue.
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