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GRAPHICAL ABSTRACT IL-33ox binds to receptor for advanced glycation end products (RAGE) to signal via epidermal growth factor receptor (EGFR).
Activation of the IL-33ox–RAGE/EGFR pathway redirects epithelial cell fate, promoting a mucin hypersecretion phenotype at the expense of
epithelial defence functions.
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Abstract
Background Epithelial damage, repair and remodelling are critical features of chronic airway diseases
including chronic obstructive pulmonary disease (COPD). Interleukin (IL)-33 released from damaged
airway epithelia causes inflammation via its receptor, serum stimulation-2 (ST2). Oxidation of IL-33 to a
non-ST2-binding form (IL-33ox) is thought to limit its activity. We investigated whether IL-33ox has
functional activities that are independent of ST2 in the airway epithelium.
Methods In vitro epithelial damage assays and three-dimensional, air–liquid interface (ALI) cell culture
models of healthy and COPD epithelia were used to elucidate the functional role of IL-33ox.
Transcriptomic changes occurring in healthy ALI cultures treated with IL-33ox and COPD ALI cultures
treated with an IL-33-neutralising antibody were assessed with bulk and single-cell RNA sequencing
analysis.
Results We demonstrate that IL-33ox forms a complex with receptor for advanced glycation end products
(RAGE) and epidermal growth factor receptor (EGFR) expressed on airway epithelium. Activation of this
alternative, ST2-independent pathway impaired epithelial wound closure and induced airway epithelial
remodelling in vitro. IL-33ox increased the proportion of mucus-producing cells and reduced epithelial
defence functions, mimicking pathogenic traits of COPD. Neutralisation of the IL-33ox pathway reversed
these deleterious traits in COPD epithelia. Gene signatures defining the pathogenic effects of IL-33ox were
enriched in airway epithelia from patients with severe COPD.
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Conclusions Our study reveals for the first time that IL-33, RAGE and EGFR act together in an ST2-
independent pathway in the airway epithelium and govern abnormal epithelial remodelling and muco-
obstructive features in COPD.

Introduction
The airway epithelium plays a central role in the initiation and development of chronic airway diseases [1]. It
is the first line of defence against the external environment; therefore, numerous inflammatory and tissue
remodelling pathways exist to protect against damage caused by constant exposure to inhaled stimuli (e.g.
allergens, cigarette smoke or pathogens) [1, 2]. Dysregulation of these pathways alters the structure of
the airway epithelium, making it an inadequate defence against further insult from inhaled stimuli. This results
in a cycle of abnormal epithelial responses and further damage, which may contribute to irreversible airway
changes and severe chronic airway disease, such as chronic obstructive pulmonary disease (COPD) [1, 2].

COPD is the third leading cause of death worldwide and there is an urgent need to develop efficacious
therapies [3]. An enhanced understanding of the COPD epithelial disease process will support rational drug
design, which, in turn, will hopefully lead to improved patient outcomes. Airway epithelium from patients
with COPD has been shown to exhibit hyperplasia of mucus-producing goblet cells and a reduction in the
proportion of ciliated cells [4]. The key epithelial molecules underlying these changes remain under
investigation; however, genetic analyses suggest that interleukin (IL)-33 drives the pathology of COPD and
other chronic airway diseases, such as asthma. A rare loss-of-function mutation in IL-33 reduces the risk of
COPD and asthma, whereas gain-of-function mutations are associated with an increased risk of both
diseases [5, 6]. Increased IL-33 levels have been observed in serum, sputum and lung biopsy samples from
patients with COPD and those with asthma [7–9]. Furthermore, serum IL-33 levels have been shown to
correlate with disease severity and exacerbation history in COPD [8]. Despite these observations, the role
of IL-33 in COPD remains poorly defined.

IL-33 is released from epithelial cells following damage induced by inhaled stimuli. It then binds to a cell
surface receptor complex composed of serum stimulation-2 (ST2) (also known as IL-1 receptor-like 1) and
IL-1 receptor accessory protein, which activates NF-ĸB inflammatory signalling pathways. Dysregulation
of this pathway can lead to chronic airway inflammation [10]. Although the impact of IL-33 on immune
cells is well established [11], there is a lack of clarity on the effect of IL-33 on epithelial cells. Other
studies have reported that ST2, the only known IL-33 receptor to date, is expressed in the airway, thus
providing the potential for IL-33 to elicit a direct effect on epithelial cells [12, 13].

Two redox forms of IL-33 have previously been described: a reduced form (IL-33red) and an oxidised form
(IL-33ox) [14]. Oxidation of IL-33 results in the formation of disulfide bridges and a conformational
change that prevents IL-33 from binding to ST2. IL-33 oxidation was initially proposed as a mechanism to
limit IL-33 activity [14]. Here, we identify a previously undescribed ST2-independent IL-33 pathway,
activated by IL-33ox, that has profound effects on the airway epithelium and implications for our
understanding of COPD pathology.

Materials and methods
Detailed materials and methods are described in the supplementary material.

Results
ST2-independent effects of IL-33
We evaluated the role of IL-33 signalling in an epithelial scratch wound assay. High-affinity binding of
IL-33 via an IL-33-neutralising monoclonal antibody (tozorakimab) [15] or via soluble ST2 (sST2)
enhanced wound closure in cultured primary normal human bronchial epithelial (NHBE) cells (figure 1a
and supplementary figure S1a). In contrast, ST2-neutralising antibodies (supplementary figure S1b) had no
effect on wound closure in NHBE cells or a lung epithelial cell line (A549 cells) (figure 1a and
supplementary figure S1a, c). Gene expression analysis revealed that transcripts encoding sST2 were
present in NHBE cells, but full-length ST2 (ST2L) was not detected (supplementary figure S1d, e). In
corroboration with the prior literature, ST2 was not detected in A549 cells (supplementary figure S1d, e)
[16]. Additionally, IL-33 was unable to induce NF-ĸB activation and IL-6 release in A549 cells unless
they were transduced with ST2L (supplementary figure S1f–h). These findings suggest that IL-33 can
regulate epithelial functions via an ST2-independent mechanism.

IL-33ox impairs wound closure via EGFR
The effect of the different forms of IL-33 (IL-33red and IL-33ox) on wound closure was assessed next.
Wild-type IL-33red and an oxidation-resistant mutant form of IL-33 (IL-33C>S) had no significant effect on
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FIGURE 1 Oxidised interleukin 33 (IL-33ox) promotes the activation of epidermal growth factor receptor (EGFR). a) Representative images of scratch
wound closure in submerged cultures at 0 h and 24 h shown on left (scale bar: 300 μm) and plotted as percentage wound closure at 24 h (middle)
in growth factor-starved submerged normal human bronchial epithelial (NHBE) cells following treatment with serum stimulation-2
(ST2)-neutralising antibody (goat), IL-33-neutralising antibody (tozorakimab (tozo)) or human (hIgG1) or goat (gIgG1) immunoglobulin G1 isotype
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wound closure in NHBE cells (figure 1a), despite clear ST2-dependent activity as evidenced by the ability
to induce NF-ĸB translocation in ST2-expressing human umbilical vein endothelial cells (supplementary
figure S2a). In contrast, IL-33ox decreased wound closure in both NHBE cells (figure 1a) and A549 cells
(supplementary figure S2b, c), which do not express ST2 or show ST2-dependent NF-ĸB translocation
activity [16]. In addition, ST2 neutralisation was unable to reverse the decrease in wound closure produced
by IL-33ox (figure 1a and supplementary figure S2b). Wild-type IL-33red, which retains the ability to
become oxidised, decreased wound closure in NHBE cells at much higher concentrations than IL-33ox

(supplementary figure S2d).

A signalling array demonstrated that IL-33ox activates multiple molecules downstream of receptor tyrosine
kinase (RTK) pathways in NHBE cells (figure 1b). RTK phosphorylation arrays identified that epidermal
growth factor receptor (EGFR) was activated by IL-33ox (figure 1c), and homogeneous time-resolved
fluorescence confirmed that IL-33ox increased EGFR phosphorylation in a dose-dependent manner
(supplementary figure S2e). Similar to epidermal growth factor (EGF), IL-33ox led to the phosphorylation
of signalling molecules downstream of EGFR (STAT5, JNK and ERK1/2) (figure 1d and supplementary
figure S2f, g). Neutralisation of EGFR prevented the effects of IL-33ox on scratch wound closure (figure
1e). IL-33ox also reduced cell proliferation and, consistent with previous studies [17], exogenous EGF
elicited opposite effects, leading to increased wound closure and cell proliferation (supplementary figure
S2h, i). These data suggest that although both EGF and IL-33ox activate EGFR, they have different
functional outcomes. When both ligands (30 ng·mL−1) were added to the epithelial scratch wound assay
simultaneously, the healing response returned to baseline (supplementary figure S2j). The balance of these
ligands may be important for fine-tuning EGFR-mediated biological effects.

IL-33ox binds RAGE to signal via EGFR
We performed immunoprecipitation and mass spectrometry on NHBE cells to investigate whether
additional molecules were involved in the IL-33ox–EGFR signalling complex (figure 2a). Receptor for
advanced glycation end products (RAGE) was the only surface molecule that immunoprecipitated with
EGFR in an IL-33ox-dependent manner (figure 2a, b and supplementary table S1). The existence of the
IL-33ox–RAGE/EGFR complex was confirmed by immunoprecipitation of EGFR after stimulation with
IL-33ox in A549 cells (figure 2bi). An IL-33ox–EGFR complex did not form in RAGE knockout cells
(figure 2bii), suggesting that RAGE is a primary receptor for IL-33ox.

These interactions were confirmed using biochemical binding assays. Both IL-33ox and the well-described
RAGE ligand high mobility group box 1 (HMGB1), but not EGF, bound directly to RAGE (figure 2c),
whereas IL-33red and IL-33C>S exclusively engaged with ST2 (supplementary figure S3a). In contrast to
EGF, IL-33ox was able to form a complex with EGFR only when RAGE was present (supplementary figure
S3b). In line with these findings, IL-33ox induced phosphorylation of EGFR and ERK1/2 to a similar extent
as EGF, whereas other RAGE ligands did not. The low-affinity EGFR ligand amphiregulin displayed an
EGFR response at much higher concentrations than IL-33ox or EGF (supplementary figure S3c, d).

Lastly, IL-33ox did not have an effect on wound closure in RAGE knockout cells (supplementary figure
S3e), and anti-RAGE or anti-EGFR blocked the effects of IL-33ox on wound closure (figure 2d). These
data suggest that IL-33ox binds to RAGE and forms a signalling complex with EGFR that modulates
epithelial cell function (supplementary figure S3f).

control antibody versus untreated control (five individual donors). Right, scratch wound closure in submerged NHBE cells at 24 h following
treatment with reduced IL-33 (IL-33red), oxidation-resistant mutant IL-33 (IL-33C>S), IL-33ox, mouse immunoglobulin G1 (mIgG1) isotype control
antibody, ST2-neutralising antibody, IL-33ox+mIgG1 isotype control antibody or IL-33ox+ST2-neutralising antibody versus untreated control (four
individual donors). b) Phospho-proteome profiler MAPK signalling array analysis in submerged NHBE cells treated with 30 ng·mL−1 of IL-33ox,
IL-33red or IL-33C>S for 10 min (one donor). c) Phospho-tyrosine kinase receptor array analysis in growth factor-starved submerged NHBE cells
treated with 30 ng·mL−1 of IL-33red, IL-33C>S or IL-33ox for 10 min versus untreated control (one donor). p-EGFR: phosphorylated epidermal growth
factor receptor. d) Western blot analysis of p-EGFR, total EGFR, p-STAT5, p-ERK1/2, p-JNK1/2 and p-p38 MAPK over time in submerged NHBE cells
following stimulation with 30 ng·mL−1 of epidermal growth factor (EGF) or IL-33ox. e) Scratch wound closure in growth factor-starved submerged
NHBE cells at 24 h following treatment with IL-33ox, IL-33ox+EGFR-neutralising antibody or IL-33ox+mIgG1 isotype control antibody versus untreated
control (four individual donors in experimental replicate). The data shown are a representative example from at least two independent
experiments. Individual data points are shown in panels a and e, and further details of box plots can be found in the supplementary materials;
data are normalised to untreated control. *: p⩽0.05; ****: p⩽0.0001 (non-parametric Kruskal–Wallis test with multiple comparisons). NS: not
significant.
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FIGURE 2 Receptor for advanced glycation end products (RAGE) binds to oxidised interleukin 33 (IL-33ox), enabling the formation of a complex
with epidermal growth factor receptor (EGFR). a) Left, schematic showing methodology for immunoprecipitation (IP) of EGFR in submerged normal
human bronchial epithelial (NHBE) cells and tandem mass spectrometry (MS/MS). Right, quantitative Venn diagram showing the overlap of proteins
detected by MS/MS following IP of EGFR in submerged NHBE cells treated with IL-33ox or epidermal growth factor (EGF) for 10 min. Proteins with a
total unique peptide count of ⩾3 in either treatment group are shown. Proteins overlapping with untreated control and IL-33ox are not shown.
b) Western blot analysis of i) EGFR, RAGE and IL-33 following IP of EGFR in submerged NHBE cells treated with reduced IL-33 (IL-33red), IL-33ox or
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IL-33ox causes mucin hypersecretion
To investigate how IL-33ox drives functional changes in lung epithelium, NHBE cells from healthy donors
were differentiated into air–liquid interface (ALI) cultures (figure 3a), modelling human epithelial
physiology [18]. IL-33ox treatment induced a plethora of transcriptional changes, in contrast to no
treatment or treatment with IL-33C>S (figure 3b and supplementary figure S4a). ALI cultures were
maintained in standard PneumaCult medium (containing 0.5 ng·mL−1 EGF), which potentially explains the
limited number of differentially expressed genes observed with EGF treatment (figure 3b). IL-33ox

EGF for 10 min versus untreated control (one individual donor); ii) EGFR, RAGE and IL-33 following IP of EGFR in A549 cells or RAGE knockout (KO)
A549 cells treated with IL-33ox for 0, 5, 10 or 15 min. c) Direct ELISA detecting binding of RAGE-Fc to immobilised IL-33red, oxidation-resistant
mutant IL-33 (IL-33C>S), IL-33ox, high mobility group box 1 (HMGB1) or EGF. Absorption at 450 nm is shown. Error bars show SEM. d) Scratch wound
closure in submerged NHBE cells at 24 h following treatment with IL-33red, IL-33ox, IL-33ox+RAGE-neutralising antibody, IL-33ox+EGFR-neutralising
antibody or IL-33ox+mouse immunoglobulin G1 (mIgG1) isotype control antibody versus untreated control (six individual donors). The data shown
in b–d are representative examples from at least two independent experiments. Individual data points are shown, and further details of box plots
can be found in the supplementary materials; data are normalised to untreated control. *: p⩽0.05; **: p⩽0.01 (non-parametric Kruskal–Wallis test
with multiple comparisons).
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FIGURE 3 Chronic oxidised interleukin 33 (IL-33ox) exposure induces an epithelial mucin hypersecretion phenotype. a) Schematic representation of
bronchial epithelial air–liquid interface (ALI) cultures and end-point assays. FACS: fluorescence-activated cell sorting; IHC: immuno-
histochemistry; NHBE: normal human bronchial epithelial; scRNA seq: single-cell RNA sequencing. b) Heat map showing expression levels of genes
in bronchial ALI cultures with significant variation between untreated control and oxidation-resistant mutant IL-33 (IL-33C>S), epidermal growth
factor (EGF) and IL-33ox treatments from bulk RNA sequencing (three individual donors) (ANOVA, false discovery rate <0.0001). c) Representative IHC
of healthy bronchial ALI cultures following a 7-day treatment with 30 ng·mL−1 of IL-33ox or EGF versus untreated control: mucin 5AC/B (MUC5AC/B)
for goblet cells (yellow), acetylated α-tubulin for ciliated cells (teal) and p63 for basal cells (purple) (scale bar: 70 µm). d) Quantification of MUC5AC
single-positive goblet cells as judged by flow cytometry in bronchial ALI cultures (six individual donors). e) ELISA of MUC5AC secreted into the
apical region of healthy bronchial ALI cultures stimulated with IL-33C>S, IL-33ox or EGF versus untreated control (seven individual donors). **:
p⩽0.01 (non-parametric Kruskal–Wallis test with multiple comparisons).
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decreased the expression of genes associated with epithelial differentiation and increased the expression of
genes associated with negative regulation of wound closure (supplementary figure S4b). Genes associated
with mitochondrial organisation, ATP metabolism, endoplasmic reticulum/Golgi vesicle transport and
cellular stress markers were also upregulated, suggesting IL-33ox drives dramatic epithelial changes that
require considerable metabolic resources. IL-33ox modulated multiple genes critical to mucociliary
clearance, including those involved in extracellular matrix remodelling, carbohydrate biosynthesis, the
secretory process and mucin production (supplementary figure S4b and supplementary table S2).

In ALI cultures, immunohistochemistry co-staining of the major gel-forming mucins showed a significant
increase in mucin staining (figure 3c and supplementary figure S4c) that was predominantly due to an
upregulation of mucin 5AC (MUC5AC), as shown by mRNA and protein levels (figure 3d and
supplementary figure S4d–f ). Increased MUC5AC secretion was corroborated by ELISA (figure 3e).
Interestingly, upregulation of the gut gel-forming mucin MUC2 was also observed with IL-33ox stimulation
(supplementary figure S4g), similar to IL-13-challenged airway epithelium. Importantly, blocking the
IL-33ox–RAGE/EGFR pathway with anti-RAGE and anti-EGFR downregulated mucin expression;
however, anti-EGF had no effect (supplementary figure S4h), confirming that EGF is not required for the
observed increase in mucin expression [19]. These data show that the IL-33ox–RAGE/EGFR pathway
promotes extensive epithelial changes, redirecting the airway epithelium towards mucin hypersecretion.

IL-33ox redirects epithelial cell fate
Next, we investigated the transcriptional changes induced by IL-33ox in ALI cultures derived from healthy
donors at the single-cell level. We identified 15 cell states/types in healthy untreated ALI cultures that
represented the major airway epithelial cell types and were consistent with the complex cell heterogeneity
observed in vivo (figure 4a, supplementary table S3 and supplementary figure S5a–c) [20]. IL-33ox was
associated with a slight increase in the proportion of goblet cells, at the expense of club and ciliated cells
(figure 4a). In contrast, EGF increased the ciliated compartment at the expense of the other cell types
(figure 4a). Most strikingly, IL-33ox increased the proportion of cells expressing MUC5AC and key
transcription factors involved in goblet cell differentiation (SPDEF, FOXA3 and KLF4 [21, 22]) (figure 4b
and supplementary figure S6a, b). IL-33ox also upregulated genes associated with MUC5AC expression and
MUC5AC secretion [23] in goblet cells (supplementary figure S6b) and increased the expression of
MUC5AC and related genes in secretory and non-secretory cells (figure 4c, d and supplementary figure S6c).

Differential gene expression analysis showed that club cell-associated genes involved in epithelial defence
functions (e.g. SCGB1A1, SCGB3A1, BPIFA1, WFDC2, GSTA1 and S100A9 [24–26]) were downregulated
in all secretory cells, whereas mucus-related genes (e.g. MUC5AC, MUC1, TFF3, GALNT3, ITLN1 and
GSN [23, 27]) were highly expressed after IL-33ox treatment (figure 4c and supplementary figure S6c).
Notably, the most highly differentially expressed genes in the single-cell analysis were consistent with data
from bulk RNA sequencing (supplementary figure S4b and supplementary figure S6d, e). Collectively,
these data suggest that IL-33ox drives epithelial remodelling, promoting a mucin hypersecretion phenotype
at the expense of club- and cilia-related genes (supplementary figure S6f–i).

Blocking IL-33 reverses key COPD features
Defective wound healing and epithelial changes induced by chronic exposure to exogenous IL-33ox were
reminiscent of characteristics observed in airway epithelial cells derived from patients with COPD [4, 28,
29]. Inhibition of IL-33 reversed defective wound healing in submerged COPD cultures (supplementary
figure S7a) and reduced the proportion of mucus-secreting cells and the amount of MUC5AC released in
COPD ALI cultures (figure 5a–c and supplementary figure S7b–e). No changes were observed after
selectively blocking ST2 (figure 5b, c), indicating that an ST2-independent IL-33ox pathway may drive this
phenotype. Further supporting this hypothesis, ST2L was not detectable in COPD ALI cultures
(supplementary figure S7f).

We next explored the role of the RAGE/EGFR complex in driving mucin hypersecretion in COPD ALI
cultures. RAGE, EGFR and IL-33 were localised in COPD lung airways (supplementary figure S7g) and
detected in COPD ALI cultures (supplementary figure S7f, h–j). Blocking EGFR or RAGE in COPD
epithelium reduced MUC5AC expression to the levels observed in healthy donors, mimicking the effects of
neutralising IL-33 (figure 5d). Similar results were obtained in COPD small airway ALI cultures
(supplementary figure S8a).

Importantly, dexamethasone (a corticosteroid used to treat acute COPD exacerbations [30]), anti-IL-13 and
anti-IL-4R (both constituents of a key pathway in mucus secretion [20]) did not alter MUC5AC mRNA
levels (supplementary figure S8b). Blockade of IL-13 signalling did not affect the ability of IL-33ox to
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upregulate mucins and, conversely, neutralising IL-33 did not prevent IL-13-induced upregulation of the
mucin gene MUC2 (supplementary figure S8c, d). This suggests that IL-33ox acts independently of IL-13
and IL-4R to increase mucin hypersecretion.

Inhibition of IL-33ox signalling induced substantial transcriptomic changes, dampening the mucus cell
phenotype and restoring genes associated with cilia and club cells (figure 5e and supplementary figure
S9a, b). Expression of the key regulator of goblet cell differentiation, SPDEF [31], was dramatically
reduced by neutralising IL-33 in COPD ALI cultures, reaching levels similar to those in healthy donors
(figure 5e and supplementary figure S9c). We also observed downregulation of other genes known to be
associated with goblet cell differentiation and carbohydrate biosynthesis, and upregulation of genes
associated with detoxification functions, club cells and cilia organisation and assembly (supplementary
figure S9b). Importantly, downregulated genes and associated functions observed after IL-33 inhibition
overlapped significantly with upregulated genes induced by IL-33ox in healthy lung epithelium
(supplementary figure S9d, e). This reciprocal gene expression profile supports a central role for IL-33ox in
driving a COPD phenotype in ALI cultures.

Using single-cell transcriptomics, we identified 15 cell states/types in COPD ALI cultures that correspond
with those observed in healthy ALI cultures (supplementary figure S5a, b and supplementary figure S10a, b)
and investigated the effects of blocking endogenous IL-33 signalling (figure 6a–d and supplementary
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FIGURE 4 Single-cell gene expression analysis identifies cell state changes supporting mucus hypersecretion. a) Left, UMAP plot of healthy
bronchial epithelial air–liquid interface (ALI) cultures (three individual donors; 43 150 cells/single-cell transcriptomes) displaying the annotated cell
states/types. Right, visual representation of changes in the proportions of cell states/types in bronchial ALI cultures following 7-day treatment with
oxidised interleukin 33 (IL-33ox) or epidermal growth factor (EGF) (30 ng·mL−1) versus untreated control. b) Changes in the percentages of cells
expressing mucin-related genes (MUC5AC, SPDEF, FOXA3 and KLF4) in bronchial ALI cultures after treatment with IL-33ox or EGF versus untreated
control. Each symbol represents one healthy donor. Error bars show SEM. c) Heat map showing the scale-normalised average expression levels of
genes associated with mucin production or defence in the secretory states in bronchial ALI cultures treated with IL-33ox or EGF versus untreated
control. d) Expression levels of MUC5AC in the annotated cell states/types in healthy bronchial ALI cultures treated with IL-33ox or EGF versus
untreated control. PNEC: pulmonary neuroendocrine cell.
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FIGURE 5 Inhibition of endogenous oxidised interleukin 33 (IL-33ox) reduces chronic obstructive pulmonary disease (COPD) epithelial dysfunction and
mucus hypersecretion. a) Representative immunohistochemistry of COPD bronchial epithelial air–liquid interface (ALI) cultures following treatment
with IL-33-neutralising antibody (tozorakimab (tozo)) or human immunoglobulin G1 (hIgG1) isotype control antibody (1 μg·mL−1) for 7 days: mucin
5AC/B (MUC5AC/B) for goblet cells (yellow), acetylated α-tubulin for ciliated cells (teal) and p63 for basal cells (purple) (scale bar: 70 µm). b) Flow
cytometry analysis of intracellular MUC5AC in dissociated healthy or COPD bronchial ALI cultures following treatment with tozorakimab, serum
stimulation-2 (ST2)-neutralising antibody or the relevant isotype control antibody versus untreated control (six individual healthy and five individual
COPD donors). c) ELISA of MUC5AC secreted into the apical region of healthy or COPD ALI cultures incubated with tozorakimab,
ST2-neutralising antibody or the relevant isotype control antibody versus untreated control (seven individual healthy and six individual COPD
donors). d) MUC5AC expression determined by reverse transcription quantitative PCR in healthy or COPD bronchial ALI cultures incubated with
tozorakimab, receptor for advanced glycation end products (RAGE)-neutralising antibody, endothelial growth factor receptor
(EGFR)-neutralising antibody or the relevant isotype control antibody versus untreated control (four individual healthy and five individual COPD
donors). Single data points from individual donors are shown; data are normalised to one donor in the untreated control group. e) Heat map
showing expression levels of genes with significant variation between untreated control and tozorakimab, ST2-neutralising or relevant isotype control
treatments from bulk RNA sequencing (three individual donors) (ANOVA, false discovery rate <0.0001). Individual data points are shown in panels b–d,
and further details of box plots can be found in the supplementary materials. mIgG1: mouse immunoglobulin G1. *: p⩽0.05; **: p⩽0.01
(non-parametric Kruskal–Wallis test with multiple comparisons).
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figure S10a, b). Neutralisation of IL-33 resulted in a slight decrease in the proportion of goblet cells,
accompanied by increases in club and transition 1 cell states/types (supplementary figure S11a).
Differential gene expression analysis showed the upregulation of genes associated with epithelial host
defence functions and club cell markers (e.g. SCGB1A1 and SCGB3A1 [26]) (figure 6b). Genes involved
in mucus production (including MUC5AC translocation and secretion) and transcription factors that induce
goblet cell differentiation were dramatically downregulated (figure 6b, supplementary figure S10a, b and
supplementary figure S11b, c).

IL-33 inhibition reduced the proportion of cells expressing MUC5AC to 14% of cells compared with
untreated or isotype-treated controls (∼50% of cells) (figure 6c and supplementary figure S11b). Similarly,
IL-33 inhibition reduced the expression of transcription factors governing goblet cell differentiation

a) b)

c)

100

80

60

40

20

0P
ro

p
o

rt
io

n
 o

f 
ce

ll
s 

e
xp

re
ss

in
g

th
e

 g
e

n
e

 (
%

)

MUC5AC SPDEF FOXA3 KLF4

Untreated

hIgG1

Anti-IL-33 (tozo)

d)

E
xp

re
ss

io
n

 le
ve

l

hlgG1

Anti-IL-33 (tozo)

Untreated

10

5

0

–5

–10

50–5 10
UMAP_1

Basal
Basal cycling
Suprabasal 1
Suprabasal 2 and
Transition 2
Suprabasal 3
Transition 1
Club 1
Club 2
Goblet
Deuterosomal 1
Deuterosomal 2
Ciliated
Ionocytes
PNEC and tuft

C
lu

b
 d

e
fe

n
ce

M
u

cu
s-

re
la

te
d

Expression

U
n

tr
e

a
te

d

A
n

ti
-I

L-
3

3
 (

to
zo

)
h

lg
G

1

U
n

tr
e

a
te

d

A
n

ti
-I

L-
3

3
 (

to
zo

)
h

lg
G

1

U
n

tr
e

a
te

d

A
n

ti
-I

L-
3

3
 (

to
zo

)
h

lg
G

1

U
n

tr
e

a
te

d

A
n

ti
-I

L-
3

3
 (

to
zo

)
h

lg
G

1

U
n

tr
e

a
te

d

A
n

ti
-I

L-
3

3
 (

to
zo

)
h

lg
G

1

2

–1
–2

0
1

SCGB1A1

SCGB3A1

BPIFA1

WFDC2

GSTA1

S100A9

MUC1

MUC5AC

SPDEF

TFF3

GALNT3

ITLN1

GSN

S
u

p
ra

b
a

sa
l 2

a
n

d
 T

ra
n

si
ti

o
n

 2

T
ra

n
si

ti
o

n
 1

C
lu

b
 1

G
o

b
le

t

C
lu

b
 2

U
M

A
P

_
2

B
a

sa
l

C
lu

b
 2

G
o

b
le

t

D
e

u
te

ro
so

m
a

l 1

D
e

u
te

ro
so

m
a

l 2

C
il

ia
te

d

Io
n

o
cy

te
s

P
N

E
C

 a
n

d
 t

u
ft

B
a

sa
l c

yc
li

n
g

S
u

p
ra

b
a

sa
l 1

S
u

p
ra

b
a

sa
l 2

a
n

d
 T

ra
n

si
ti

o
n

 2

S
u

p
ra

b
a

sa
l 3

T
ra

n
si

ti
o

n
 1

C
lu

b
 1

0

2

4

6

FIGURE 6 Inhibition of oxidised interleukin 33 (IL-33ox) reverses chronic obstructive pulmonary disease (COPD)-related cell state changes at the
single-cell level. a) UMAP plot of COPD bronchial epithelial air–liquid interface (ALI) cultures treated with IL-33-neutralising antibody (tozorakimab
(tozo)) or isotype control antibody versus untreated control (three individual donors; 60 137 cells from all conditions), showing the annotated cell
states/types. b) Heat map showing the scale-normalised average expression levels of genes associated with mucin production or defence in the
secretory states in COPD bronchial ALI cultures treated with tozorakimab or human immunoglobulin G1 (hIgG1) isotype control antibody versus
untreated control. c) Changes in the percentages of cells expressing mucin-related genes (MUC5AC, SPDEF, FOXA3 and KLF4) in COPD bronchial ALI
cultures after treatment with tozorakimab or hIgG1 isotype control antibody versus untreated control. Each symbol represents one COPD donor.
Error bars show SEM. d) MUC5AC expression levels in the annotated cell states/types in COPD bronchial ALI cultures treated with tozorakimab or
hIgG1 isotype control antibody versus untreated control.
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(e.g. SPDEF, FOXA3 and KLF4) (figure 6c and supplementary figure S11b). In COPD ALI cultures,
non-secretory cell types expressed abnormally high levels of MUC5AC (figure 6d), similar to those observed
in healthy ALI cultures treated with exogenous IL-33ox (figure 4d). Inhibition of IL-33 also suppressed
MUC5AC expression in non-secretory cell types (figure 6d), reaching levels similar to those observed in
healthy donors (figure 4d). Indeed, the gene expression changes observed following IL-33 neutralisation
suggest a reduction in mucin hypersecretion and an increase in club cell function (supplementary figure
S11b–f ). These data indicate that inhibition of IL-33ox can reverse pathological features of COPD epithelium
and restore aspects of a healthy epithelial phenotype (supplementary figure S11g, h).

IL-33ox gene signatures enriched in COPD
We used epithelial gene signatures identified in vitro from our bulk RNA sequencing analysis to
understand the relevance of the IL-33ox–RAGE/EGFR pathway in patients with COPD. This comprised
135 (⩾2-fold downregulated) genes from COPD ALI cultures following IL-33 inhibition, and 249 (⩾2-fold
upregulated) genes from healthy ALI cultures stimulated with IL-33ox (supplementary figure S9d and
supplementary table S4). The most significant differentially expressed genes were selected; all had a false
discovery rate adjusted p-value <0.05. Both signatures were applied to three independent, publicly
available lung COPD cohorts (GSE37147, GSE47460 and GSE11784 [32–34]).

In the GSE37147 cohort, derived from bronchial brushes [32], both IL-33ox and anti-IL-33 gene signatures
displayed an increased enrichment score associated with smoking and COPD status, with the highest signal
found in current smokers with COPD (figure 7a). In the GSE47460 cohort, derived from lung
homogenates [33], both signatures correlated with disease severity as assessed by gene enrichment
according to Global Initiative for Chronic Obstructive Lung Disease (GOLD) stages or the decline in
predicted forced expiratory volume in 1 s (figure 7b, c). Lastly, in a cohort derived from brushes from
small airways (GSE11784) [34], both signatures displayed a significantly increased enrichment score in
COPD donors (figure 7d).

Discussion
We have identified a novel ST2-independent IL-33 epithelial signalling pathway that may impact COPD
pathogenesis. Here, we show for the first time that IL-33ox signals via a complex of RAGE and EGFR in the
airway epithelium. Activation of the IL-33ox–RAGE/EGFR pathway results in a mucus-producing phenotype;
moreover, mucus-related gene expression pathways were activated in club cells, at the expense of epithelial
defence genes. Expression of mucus-related pathways was also elevated in ciliated cells, which could result
in cell malfunction [20]. This increase in mucus-producing cells may result in inflammation and obstruction
of the airways [35], contributing to the irreversible epithelial changes observed in COPD.

Previous studies indicate that inhaled stimuli cause rapid changes to the airway epithelium through an
IL-33-mediated mechanism [8, 36, 37]. Dysregulation of IL-33ox signalling might cause excessive
epithelial remodelling, mucin hypersecretion and muco-ciliary arrest, increasing the exacerbation risk.
Many of the effects of IL-33ox on epithelial function overlap with known effects of IL-13 [20], but occur
in an IL-13-independent manner. This overlapping biology raises the possibility that IL-33ox could be an
alternative driver of epithelial pathogenesis in chronic inflammatory diseases.

IL-33, RAGE and EGFR have each been individually linked to COPD and the severity of COPD [7, 8,
38]. We have identified that these molecules act in a single pathway and may fine-tune EGFR function to
alter the airway epithelial architecture, adding to the complexity of EGFR signalling [39]. Previous data
indicate that different EGFR ligands may modulate the balance of receptor degradation or recycling [40]
and stimulate distinct patterns of EGFR tyrosine phosphorylation [41], which may promote specific
downstream signalling. Further work will be required to understand how IL-33ox modulates EGFR
signalling and how the role of the IL-33ox–RAGE/EGFR pathway intersects with the function of each
molecule in their other known signalling pathways. Indeed, RAGE is a promiscuous receptor that binds
multiple danger-signalling ligands; furthermore, both RAGE and many of its ligands have been shown to
be upregulated in patients with COPD [42]. Activation of RAGE results in increased inflammation, mucus
production and oxidative stress [42].

Oxidative stress is also known to be increased in COPD: activated macrophage and neutrophil numbers are
higher in the lungs of patients with COPD than in healthy controls. These cells release large amounts of
reactive oxygen species, particularly during exacerbations [43]. Oxidative stress has been shown to
upregulate IL-33 expression in the airway epithelium following viral infection [44]. Furthermore, this
oxidative environment might alter the balance of IL-33red and IL-33ox. Another factor that may regulate
IL-33ox signalling is the availability of sST2, an endogenous antagonist of IL-33 [45], which may prevent
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oxidation of IL-33 as well as IL-33red binding to ST2 [15]. We found that levels of sST2 were lower in
COPD ALI cultures than in healthy ALI cultures. sST2 has also been shown to be reduced in
bronchoalveolar lavage fluid from patients with COPD [46]. Overall, oxidative stress combined with an
imbalance of sST2 may promote a cycle of IL-33 release, uncontrolled inflammation and aberrant
epithelial remodelling.

The analysis of the molecules involved in the modulation of the IL-33red and IL-33ox pathways in patients
with COPD will help us to better select a population responsive to anti-IL-33 therapies. Given that these
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tozorakimab (tozo) and IL-33ox signatures in the GSE37147 cohort samples. b) GSVA showing the correlation with disease severity in the GSE47460
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data indicate that IL-33ox inhibition can reverse COPD-associated epithelial pathological features, we
speculate that therapies designed to inhibit signalling of both IL-33ox and IL-33red will have a greater
clinical impact than those targeting IL-33red/ST2-induced inflammation alone. Tozorakimab directly
inhibits IL-33red/ST2 signalling and indirectly inhibits IL-33ox–RAGE/EGFR signalling by preventing the
formation of IL-33ox [15]. The efficacy and safety of tozorakimab is being explored in phase 2 and 3
trials for several inflammatory diseases, including COPD (NCT04631016, NCT05166889, NCT05158387),
acute respiratory failure (NCT05624450), COVID-19 (EudraCT: 2020-001736-95), asthma
(NCT04570657) and diabetic kidney disease (NCT04170543).

There are several limitations to this study. First, although two- and three-dimensional epithelial cultures
model the in vivo system, the lung mucosa is highly complex and COPD lungs have dysfunction in a
broad range of pathways and cell types. Therefore, modulating the activity of an individual pathway may
not be sufficient to restore lung function. Second, it is difficult to evaluate which factors determine the
balance between IL-33red and IL-33ox and therefore to establish the contribution of IL-33ox to the
pathology of COPD or other inflammatory conditions. Third, further investigations are needed to
understand how EGF family members and IL-33ox balance epithelial functions through EGFRs.

Overall, our data expand the role of RAGE as a broad sensor of cell injury to include a novel form of an
alarmin, IL-33ox, and elucidate a new role of EGFR in signal transduction as part of a previously
unappreciated tripartite receptor complex (IL-33ox–RAGE/EGFR). This study contributes to our
understanding of RAGE and EGFR biology and prompts us to review past data under a new lens. Further
studies are warranted to clarify the role of the IL-33ox–RAGE/EGFR pathway in health, chronic disease
and infection.
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