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A B S T R A C T

Interleukin-33 (IL-33) is a pleiotropic, chromatin-binding cytokine primarily expressed by non-hematopoietic 
cells, including endothelial cells, fibroblasts and bronchial epithelial cells. It participates in various respiratory 
diseases, such as acute and chronic inflammatory diseases, viral infections, lung cancer and COPD, and is known 
to mediate asthma and allergic conditions. IL-33 plays a dual and context-dependent role, contributing to tissue 
homeostasis and immune regulation under physiological conditions, while promoting inflammation and fibrosis 
in pathological contexts. Its signalling is mediated by the ST2 receptor, which exists in two forms: the membrane- 
bound ST2L that activates immune responses, and the soluble decoy receptor sST2 that negatively regulates IL-33 
activity. Over the past decade, medical research has cast a spotlight on the widespread contribution of IL-33 
biology not only to inflammation but also to the development of fibrosis and lung transplant rejection. A 
comprehensive overview of the interactions between rejection following lung transplant and IL-33 signalling is 
lacking. In this review, we summarize the most recent literature regarding the IL-33 in relation to chronic lung 
allograft dysfunction (CLAD) and acute rejection. We also discuss the potential contribution of microbial and 
environmental stimuli in shaping IL-33-driven type 2 and autophagic responses in the lung transplant micro
environment. Recent findings regarding therapeutic implications of IL-33 were also reported.

1. IL-33 cytokine biology

Interleukin-33 (IL-33) is a pleiotropic chromatin-binding cytokine 
that influences both innate and adaptive (Th-2) immune responses [1,2]. 
This protein consists of 270 amino acids with two essential domains: the 
first domain (amino acids 1–65) facilitates nuclear localization and 
chromatin association; the second domain (amino acids 112–270) acts 
as the IL-1-like cytokine domain responsible for cytokine activities [3]. 
These domains are separated by a central linker region (amino acids 
66–111) [4]. Full-length IL-33 (fIL-33) is the active form of the protein 
that can be cleaved proteolytically to generate “mature” bioactive 
fragments; alternatively, it can be inactivated through apoptotic 
caspase-mediated cleavage at the cytokine domain. Once in the extra
cellular space, IL-33 is rapidly inactivated by oxidation or neutralised by 
soluble decoy receptor ST2 [5].

In the past, IL-33 was believed to be secreted extracellularly only in 

relation to cell necrosis or injury [6]. A mechanism by which IL-33 is co- 
secreted from cells via exosomes and the nSMase2-regulated endosome 
pathway was recently described [7].

The functions of IL-33 in the lung have been reported in several 
conditions, including acute and chronic inflammatory diseases, viral 
infections [8,9] and other lung diseases such as lung cancer and COPD 
[10–14]. The best known mechanism of IL-33 is as mediator of asthma 
and allergic conditions [9,15]. It has been associated with inducing 
airway hyperresponsiveness (AHR) in allergic patients and after viral 
infections [16].

Although it is well analysed the role of IL-33 in allergy and asthma 
pathobiology, its

function is subject to an intriguing level of host and context- 
dependent modifications [17]. These aspects make difficult to define 
the exact role of IL-33 in diseases.

Nuclear localization of IL-33 has been described for cell types such as 
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human high endothelial venule cells, lung airway epithelium, kerati
nocytes and fibroblastic reticular cells [18].

In lung epithelial cells, IL-33 results in constitutive expression and 
serves as an “alarmin” in response to infection or injury. The presence of 
an N-terminal domain nuclear-localization sequence and a 
homeodomain-like helix-turn-helix motif enables IL-33 to bind to het
erochromatin, potentially granting it transcriptional regulatory capac
ities [19]. IL-33 acts as a pleiotropic protein: it stimulates the release of 
proinflammatory mediators from mast cells and enhances Th-2 cytokine 
responses, including those from ILC2s. IL-33 can also upregulate 
FOXP3+ CD4 regulatory T cells to promote tolerance and reduce 
inflammation. At the same time, it promotes differentiation of “uncon
ventional” CD4+T-cells into the Th2 phenotype, characterised by 
expression of IL-5 and IL-13 but not IL-4. IL-33 also enhances differen
tiation of “alternatively activated” macrophages and stimulates re
sponses in mast cells, basophils and eosinophils [20]. A mechanism 
related to autophagy pathways involving IL-33 was recently described 
[21,22].

The aim of this review of the recent scientific literature was to 
analyse reports regarding IL-33 in lung diseases, with a focus on the 
latest data on lung injury and fibrosis and their role in acute and chronic 
rejection after lung transplant. Very little is known about its role in lung 
injury, hence the need to understand its ambivalent role of being 
simultaneously protective and harmful for lung tissue.

2. IL-33 Lung inflammation

2.1. The IL-33/ST2 axis and its role in adaptive and innate immunity

IL-33 is expressed mainly by non-hematopoietic cells, including 
endothelial cells, fibroblasts and bronchial epithelial cells [23,24]. ST2 
exerts its biological effects by acting as receptor for IL-33. It consists of 
two main splice variants due to differential promoter binding: a 
membrane-bound form (ST2), which promotes NF-κB signalling, and a 
soluble form (sST2), which acts as a decoy receptor to sequester free IL- 
33 and prevent ST2/IL-33 signalling.

ST2 is expressed in a large variety of immune cells such as conven
tional T cells, regulatory T cells (Tregs), type 2 innate lymphoid cells 
(ILC2), mast cells, eosinophils, natural killers (NK) and invariant-NKT 
cells (iNKT). In the context of asthma patients, signalling through ST2 
in immune cells induces type 2 and Treg immune responses, IgE pro
duction and eosinophilia [24,25]. Studies on Treg-depleted mice 
observed increased lung levels of IL-33.

IL-33 has been demonstrated to promote tissue repair through acti
vation of ST2-Treg cells, which in turn induces amphiregulin (AREG) 
and suppresses the innate immune responses to allergens. IL-33 is of 
critical importance in preventing mortality after acute lung injury (ALI) 
through control of the early inflammatory response to tissue injury by 
regulation of the actions of Tregs.

The mechanism by which IL-33 exerts control over the local in
flammatory immune response after ALI depends on induction of 
interleukin-13 (IL-13) production by ST2+ Tregs, which serves to limit 
local inflammatory cytokines and the presence of inflammatory myeloid 
cells [26,27]. This mechanism is considered a potential target for the 
development of therapies for ALI [26].

IL-33 also activates ILC2s (that express ST2), and this can contribute 
to enhanced production of interleukin-4 (IL-4) after Treg depletion [28]. 
Intranasal administration of IL-33 in mice resulted in activation of ILC2s 
and subsequent induction of lung inflammation. This caused severe lung 
pathology, including goblet cell hyperplasia, increased numbers of eo
sinophils and ILC2s in lung tissue and bronchoalveolar lavage fluid 
(BALF) of mice.

In particular, the neuropeptide neuromedin U (NMU) and related 
receptor (NMU receptor 1 (NMUR1) expressed by ILC2s act as a robust 
activator of ILC2 proliferation during helminth infection, cooperatively 
activating gene expression of IL-33 and enhancing proinflammatory 

cytokines. In contrast, CGRP (a-calcitonin gene-related peptide) – a 
product of the calcitonin (Calca) gene secreted by pulmonary neuroen
docrine cells (PNECs) in the lung – counteracts NMU by suppressing cell 
proliferation and gene expression of inflammatory cytokines, including 
IL-33 [29].

IL-33 has been demonstrated to play a role in induction of ILC2- 
mediated airway inflammation through activation of the mammalian 
target of the rapamycin (mTOR) pathway via p110δ phosphoinositide 3- 
kinase. Blockade of the mTOR pathway has been shown to inhibit IL-33- 
induced IL-5 and IL-13 production by Th2 cells and ILCs. Specifically, 
inhibition of the mTOR pathway with rapamycin has been demonstrated 
to suppress Th2 cell and ILC cytokine production in vitro. In vivo, it has 
been shown to attenuate IL-33-induced airway inflammation by 
reducing ILC accumulation, cytokine secretion, eosinophilia and mucus 
deposition in the airways. Additionally, modulation of the mTOR 
pathway may represent a potential therapeutic target for the manage
ment of airway inflammation in human disease [30]. iNKT cells have 
also been investigated in relation to IL-33, due to expression of ST2 on 
the cell surface. In a recent paper, the transfer of iNKT cells to Jα18 KO 
mice resulted in a reduction of lung inflammation, thereby confirming 
the regulatory role of iNKT cells during IL-33-mediated lung inflam
mation [31,32]. Recently, IL-33 has been shown to have a protective 
role. In particular, it expands ILC2s with subsequent release of IL-13 and 
directs macrophages toward an M2 phenotype that cooperate for airway 
dysfunction and inflammation following inhalation of Irritant-owned 
airway inflammation and dysfunction [33].

2.2. IL-33 and lung inflammatory disease

IL-33 inflammatory pathways work with others (e.g. TSLP) to change 
the non-immune parts of the lung microenvironment (such as smooth 
muscle contraction/hyperreactivity, goblet cell mucus production, 
fibroblast activation and sensory neurons), leading to symptoms and 
traits of asthma and COPD [34].

IL-33 is a 270-amino acid protein, but shorter isoforms have been 
shown to have different effects. Furthermore, cleavage of IL-33 by 
proteases from different cell types can also lead to differing effects 
within microenvironments, dependent on the cell types present or 
recruited to an inflammatory insult. A spliced variant of IL-33 has been 
associated with elevated T2 cytokine activity in airway epithelial cells 
from individuals with asthma. Conversely, another isoform has been 
detected to be augmented in airway cells from COPD patients [34].

Loss-of-function mutations in IL33 have been associated with 
reduced risk of developing asthma and COPD, while gain-of-function 
have been associated with increased risk of both diseases. Many 
single-nucleotide polymorphisms (SNPs) increase susceptibility to 
asthma. Beyond the IL33 gene, IL1RL1 variants also regulate IL-33 sig
nalling. A protective IL1RL1 variant in asthma reduces IL-33 signalling 
via sST2. The genetics of the IL-33/ST2 axis could determine disease 
progression [34]. Understanding IL-33 SNPs’ role in IL-33 expression 
and function in various lung diseases could inform therapeutic ap
proaches for asthmatics [9].

IL-33 concentrations were found higher in nasal than in 
bronchoalveolar-lavage fluid (BALF), indicating that the interleukin 
may play a more significant role in the upper than the lower airways 
[35].

Signalling via ST2/IL-33 in mast cells, ILC2, eosinophils, basophils, 
Th2 and Th9 cells is a key driver of allergic asthma. This is achieved 
through production of IL-4, IL-5 and IL-13 in the lungs, which subse
quently induces airway hyperresponsiveness and goblet cell hyperplasia 
[24].

The homeostatic levels and protein stability of IL-33 are regulated by 
phosphate-pyridoxal (PLP), the active form of vitamin B6 [36]. Patients 
with asthma show reduced blood levels of PLP, which correlates with 
impaired lung function and elevated circulating eosinophil levels 
[37,38]. Systemic or local administration of PLP reduced lung 
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inflammation and eosinophil density in several mouse models of acute 
lung inflammation, confirming a direct role of PLP in the control of 
immune or allergic airway disease [37]. Intranasal administration of 
PLP can also reduce local IL-33 levels in the lung, which may have 
significant therapeutic implications [39].

Recently, it was also reported the association of IL-33 with neutro
phil activation. In particular, IL-33 promotes the release of NETs, facil
itating dendritic cell (DC) activation and Th2/Th17 immune response 
[40]. These results highlighted the role of IL-33 also in non T2 immune 
responses. In addition, mast cells that have been activated by IL-33 may 
be a contributing factor to the effects of IL-33. Transcriptomic analysis of 
sputum cells from patients with severe asthma has revealed the presence 
of an IL-33-activating mast cell signature, which was enriched in pa
tients exhibiting a mixed granulocytic and neutrophilic phenotype. 
Conversely, IgE-activated mast cell signatures were found to be enriched 
in patients with a predominantly eosinophilic phenotype. Collectively, 
these data suggest the hypothesis that IL-33 activation of mast cells 
could represent a pivotal mechanism in determining a mixed inflam
matory response phenotype of T1 and T2 [34].

Several clinical trials are currently investigating therapeutic strate
gies targeting the IL-33/ST2 pathway for the treatment of asthma and 
COPD, highlighting growing interest in this axis as a promising target in 
chronic airway inflammation. These trials explore both anti–IL-33 and 
anti-ST2 monoclonal antibodies in diverse patient populations and dis
ease stages. Table 1 summarizes key ongoing and complete trials, 
focusing on design, endpoints, and targeted mechanisms (see Figs. 1–3
and Tables 2 and 3).

3. IL-33 in the interstitium and in the development of lung 
fibrosis

During the last years, the research about the role of IL-33 in lung 
fibrosis increase, and recently this an antifibrotic therapeutic approach 
is proposed and preclinically tested in mice and in vivo based on 

targeting the full-length IL-33 precursor protein [48].
IL-33 has also been investigated in relation to recruitment of 

monocytes to the lung interstitium during T2 inflammatory responses, 
via upregulation of chemokines CCL2, CCL7 and CCL22. By inhibiting 
IL-33 or its downstream chemokines, a comprehensive strategy may be 
devised to mitigate early monocyte-driven inflammation [49].

The extensive molecular interactions of IL-33 in the lung microen
vironment have prompted study of its role in promoting fibrosis after 
injury to lung alveolar epithelial cells. Several studies have demon
strated that IL-33- and IL-33-positive cells are elevated during the in
flammatory and pro-fibrotic stages [50].

Pulmonary fibroblasts from the lungs of patients with IPF and sys
temic sclerosis show increased IL-33 mRNA expression, suggesting that 
fibroblasts could be a significant source of IL-33 [51,52]. Notably, 
human BAL samples and lung tissue of patients with IPF showed 
increased IL-33 mRNA and protein levels, markers associated with 
response to damage [52].

The potential role of IL-33 in the pathogenesis of pulmonary fibrosis 
has been thoroughly explored in the bleomycin-mice model of fibrosis. 
Through interaction with its receptor ST2, IL-33 promotes recruitment 
of ILC2s which leads to eosinophil recruitment. On the other hand, IL-33 
induces macrophages to move toward the M2 cell phenotype. These cells 
in turn enhance release of IL-13 and TGF-β1, thereby amplifying the 
fibrotic response [53].

After exposure to IL-33, mice with the genes Akt1 and Akt2 knocked 
out in macrophages showed reduced IL-13 and TGF-β production and 
impaired fibrinogenesis, indicating that these genes are essential for IPF 
progression in response to IL-33 [54].

A second mechanism of IL-33 is ST2-independent. It consists in the 
“immature” form of IL-3 (full-length IL-33 (flIL-33)), which has lower 
affinity for the ST2 receptor and is an important intracellular gene 
regulator, promoting production of pro-inflammatory mediators, such as 
TGF-β, IL-6, MCP-1 and TNF-α [53,55]. Once released in response to 
inflammatory stimuli, flIL-33 can be processed by neutrophil-derived 

Table 1 
Summary of selected clinical trials targeting the IL-33/ST2 axis in asthma and COPD.

Drug (study) Target Phase Target population Study design End points

Asthma
Itepekimab 

(NCT03387852) 
[41]

IL-33 II Moderate-to-severe 
asthma

Randomized, double-blind, placebo-controlled, 
parallel-group (alone or in combination with 
dupilumab)

• Event indicating a loss of asthma control
• Lung function, asthma control, quality of life, 

type 2 biomarkers, and safety
GSK3772847 

(NCT03207243) [42]
IL-33 IIa Moderate-to-severe 

asthma
Randomized, multicenter, double-blind • Change from baseline to Week 12 in blood 

eosinophils and fractional exhaled nitric oxide
Tozorakimab 

(NCT04570657) 
[43]

IL-33 II Moderate-to-severe 
asthma

Randomized, double-blind, placebo-controlled • Efficacy (FEV1, asthma control, exacerbation 
rate)

• Safety and tolerability
Astegolimab 

(ZENYATTA) 
[44]

ST2 IIb Uncontrolled severe 
asthma

Randomized, double-blind, placebo-controlled, 
dose-ranging proof-of-concept study

• Reduction of exacerbations
• Time to first asthma exacerbation
• Prebronchodilator FEV1
• Patient-reported outcomes

COPD
Itepekimab 

(AERIFY-1/2) 
[45]

IL-33 II/III Moderate-to-severe 
COPD

Randomized, double-blind, placebo-controlled trials • Reduction of exacerbations
• Change of pre-BD-FEV1 at week 24
• Symptom control and safety and tolerability of 

treatment
Tozorakimab 

(NCT04631016) 
[46]

IL-33 IIb Moderate-to-severe 
COPD

Randomized, double-blind, placebo-controlled • Change in pre-BD FEV1 from baseline to week 12
• Post-BD FEV1

• Time-to-first COPDCompEx event
• Safety

Astegolimab 
(NCT03615040) 
[47]

ST2 IIb Moderate-to-very 
severe COPD

Single-center, randomized, double-blinded, placebo- 
controlled

• Reductions of exacerbations
• Saint George’s Respiratory Questionnaire for 

COPD (SGRQ-C)
• FEV1

• Blood and sputum cell counts

The table reports phase II and III studies investigating monoclonal antibodies directed against IL-33 or its receptor ST2. Trials are stratified by disease indication 
(asthma or COPD) and include information on target molecule, study phase, population, design, and key primary and secondary endpoints. BD = bronchodilator; FEV1 
= forced expiratory volume in 1 s; COPDCompEx = composite COPD exacerbation endpoint; SGRQ-C = Saint George’s Respiratory Questionnaire for COPD.
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proteases into its mature form, mIL-33, which acts as an extracellular 
cytokine, binding to specific receptors, including ST2 [53].

Bleomycin-induced lung injury has been shown to be exacerbated by 
flIL-33, independently of ST2. This effect may be linked to release of pro- 
inflammatory and fibrotic cytokines, particularly TGF-β, IL-6, MCP-1 
and TNF-α, triggered by flIL-33 [55].

The combination of flIL-33 and bleomycin-induced fibrosis in the 
knockout mouse model had a synergistic effect on pulmonary lympho
cyte and collagen accumulation. By contrast, no increase in levels of Th2 
cytokines IL-4, IL-5 or IL-13 was evident [55].

flIL-33 was found to significantly increase expression of several heat 
shock proteins (HSPs), in particular HSP70, which is known to be 
associated with ILD [56–58]. HSPs play an important role in a wider 
range of fibrotic diseases, including lung fibrosis, liver fibrosis and 
idiopathic pulmonary fibrosis via modulation of cytokine induction and 
inflammatory response [58].

In IPF patients was recently demonstrated that MIR205HG, a prog
nostic factor in these diseases, is involved in the regulation of IL-33 
expression. The interaction between AluJb element of MIR205HG and 
the Alu element of IL33 was important for these regulatory mechanisms. 
Furthermore, MIR205HG expression was positively correlated with IL- 
33 expression and the number of ILC2s in tissue samples from patients 
with IPF [59].

The pleiotropic effects of IL-33 were also recently investigated. The 
ST2 receptor is reported to be expressed in T regulatory cells as well. Due 
to its impact on ST2+ Tregs, IL-33 deficiency proved to shorten survival 
during BLM-induced acute lung injury. IL-33-induced Treg IL-13 pro
duction limited the inflammatory response [26], making the timing and 
context of IL-33 blockade critical in pulmonary fibrosis; indeed, in the 

early inflammatory phase, IL-33 may be tissue-protective [50]. IL-33 
may contribute to the pathogenesis of lung fibrogenesis through the 
IL-33/ST2 axis, and by modulating the pulmonary inflammatory milieu.

These findings highlight the significant role of IL-33/ST2 signalling 
and the intracellular regulation of cell expression by flIL-33 in lung 
fibrogenesis. However, the exact contribution of the IL-33/ST2 pathway 
and fIL-33 gene regulation to key events in lung fibrosis is still not 
completely clear.

4. IL-33 in other organ: similarities and differences with lung

Several cellular and molecular mechanisms were described between 
lung and other organ transplantion, such as kidney and liver trans
plantation. IL-33 is a key player in kidney and liver ische
mia–reperfusion injury, acting as an alarmin in these settings [6]. In the 
liver, IL-33 is primarily released by hepatic stellate cells (HSCs) or he
patocytes. During acute injury, IL-33 released by damaged hepatocytes 
promotes tissue healing, while in the case of chronic injury, IL-33 is a 
critical fibrotic player. As in acute lung injury, in the liver, IL-33 triggers 
the secretion of IL-13 from ILC2s, thereby enhancing the differentiation 
and activation of HSCs through direct actions on the HSCs or by 
amplifying IL-6 and TGF-β signalling, leading to HSC-secreted fibrillar 
collagen and subsequent fibrogenesis.

As in inflammatory diseases of the lung, such as Asthma, IL-33 has 
been shown to act as an alarmin in the context of liver ischemia/ 
reperfusion (I/R) injury. Furthermore, IL-33 has been shown to have a 
deleterious effect on hepatic I/R injury. In the context of liver trans
plantation, elevated serum levels of IL-33 immediately following 
reperfusion have been observed to be associated with the development 

Fig. 1. IL-33 interaction with type-2 inflammatory cells. IL-33 promotes tissue repair through the activation of ST2-Treg cells, which in turn induces amphiregulin 
(AREG) and suppresses the innate immune responses to allergens; IL-33 exerts control over the local inflammatory immune responses following ALI upon the in
duction IL-13 production by ST2+ Tregs; intranasal administration of IL-33 in mice resultes in the activation of ILC2s and the subsequent induction of lung 
inflammation; iNKT cells have a regulatory role during IL-33-mediated lung inflammation, as demonstrated by the transfer of iNKT cells to Jα18 KO mice.
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of postreperfusion syndrome, acute renal failure, and impaired graft 
function.

Moreover, the IL-33/ST2 pathway plays a pivotal role in the pro
gression of renal fibrosis, impacting two distinct aspects of this process. 
On the one hand, this pathway promotes the secretion of pro- 
inflammatory and pro-fibrotic factors, such as IL-4, IL-13, and TGF-β 
by certain immune cells. Notably, TGF-β is a central mediator of renal 
fibrosis. Conversely, the IL-33/ST2 pathway promotes fibrogenesis by 
inducing EMT of renal tubular epithelial cells and activating myeloid 
fibroblasts. It has been demonstrated that these changes contribute to 
the secretion of collagen and fibronectin to facilitate fibrogenesis [60].

As in chronic pathologies of the lung, during chronic kidney injury, 
IL-33 is released by endothelial cells, epithelial cells and fibroblasts. This 
activates ST2-expressing cells, such as M2 macrophages, ILC2s, CD4+ T 
cells and iNKTs, triggering inflammation and tissue repair. Macrophages 
play an important role in obstructive kidney injury. IL-33 and other 
cytokines promote the transformation of M0 macrophages into M2 
macrophages, with M2 macrophages contributing to fibrosis [60].

IL-33 levels are increased in cases of chronic kidney transplant 
rejection. Furthermore, immunohistochemical analysis of renal tubules 
in patients with chronic allograft dysfunction has revealed the presence 
of IL-33+ cells. In a similar manner, in patients with renal allograft 
rejection, IL-33 has been detected in the renal tubules and interstitium 
[60].

Similar findings have also emerged in heart transplantation. Several 
preclinical studies have shown that IL-33 exerts immunoregulatory 
functions in cardiac allografts [61–64]. Administration of exogenous IL- 
33 prolongs graft survival in both acute and chronic rejection models by 

inducing a Th2-skewed immune response [63] and promoting the 
expansion of ST2+Foxp3+ regulatory T cells and myeloid-derived sup
pressor cells [61]. Moreover, stromal-derived IL-33 plays a protective 
role by attenuating early macrophage-driven inflammation and sup
porting long-term allograft tolerance [64]. In murine models, genetic 
deficiency of IL-33 exacerbated chronic rejection, underscoring its role 
in restraining pathogenic inflammation and preserving heart graft 
function [64].

5. IL-33 context-specific activity and mechanisms of regulation

Although IL-33 is frequently associated with pro-inflammatory and 
fibrotic responses, its function is highly context-dependent and shaped 
by a variety of regulatory layers [65]. IL-33 can act as an alarmin 
cytokine following cell damage, but it is also constitutively expressed in 
the nucleus of epithelial and endothelial cells, where it may exert 
transcriptional modulation or structural chromatin roles [66]. Upon 
release, IL-33 binds to the membrane-bound ST2L receptor to activate 
canonical MyD88/NF-κB signalling, yet its bioactivity is tightly modu
lated by several common variables: dose, duration of exposure, redox 
state, subcellular localization (nuclear vs extracellular), and the balance 
between ST2L and its decoy receptor sST2 [65,67].

The regulation of these modulatory factors is context-dependent, 
shaped by elements such as tissue type, severity and duration of 
epithelial injury, the presence of oxidative stress, and the balance of pro- 
and anti-inflammatory signals in the microenvironment [65].

These factors jointly determine whether IL-33 promotes type 2 im
munity, tissue repair, or fibrosis. Importantly, IL-33 is not exclusively a 

Fig. 2. The role of IL-33 in lung fibrosis through both ST2-dependent and ST2-independent mechanisms. In the ST2-dependent pathway, IL-33 binds to its receptor 
ST2, leading to the activation of type 2 innate lymphoid cells (ILC2s), which promote eosinophil recruitment and drive naïve T cell (TN) differentiation into a TH2 
phenotype, enhancing the release of cytokines such as IL-5 and IL-13. Additionally, IL-33 drives macrophage polarization toward the M2 phenotype, inducing the 
release of IL-13 and TGF-β1 (key mediators of fibrinogenesis). The ST2-independent mechanism involves the full-length form of IL-33 (flIL-33), which functions as an 
intracellular regulator of gene expression, promoting the production of pro-inflammatory mediators. Neutrophil-derived proteases can process flIL-33 into its mature 
form (mIL-33), which acts as an extracellular cytokine, binding to ST2 to modulate the inflammatory and fibrotic response.
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pro-inflammatory mediator; it can also play critical roles in maintaining 
tissue homeostasis and promoting repair [65,68]. For example, acute IL- 
33 signalling can enhance epithelial regeneration via amphiregulin- 

producing Tregs or ILC2s [69,70], whereas chronic or excessive IL-33 
may skew macrophage polarization toward M2 phenotypes and 
amplify fibrogenic cascades [71,72]. Notably, increased IL-33 expres
sion in disease does not necessarily reflect a causative pathogenic driver; 
it may instead represent a compensatory, regulatory, or protective 
response to ongoing tissue stress [68].

6. IL-33 and lung transplant rejection

Various experimental approaches have been used to investigate IL-33 
signalling in the lung transplant setting, including in vitro epi
thelial–fibroblast co-cultures, ex vivo lung perfusion systems, and mu
rine models of ischemia–reperfusion injury. Building on these 
experimental findings, recent studies have demonstrated that IL-33 
contributes to both acute rejection and chronic lung allograft dysfunc
tion (CLAD) following lung transplantation.

Acute cellular rejection was also triggered by Failure recruitment of 
Foxp3+ cells from the thymus. Continuous replenishment of these cells 
could be done by IL-33 administration. Local administration of IL-33 
could expand and activate allograft-resident Foxp3+ cells [73].

CLAD is a broad term for a variety of pathological processes leading 
to progressive irreversible failure of lung transplants [74]. CLAD is 

Fig. 3. Proposed model of involvement of IL-33 in the fibrogenesis of CLAD: noxious stimuli damage the respiratory epithelium, triggering secretion of alarmin. IL-33 
release inhibits autophagy and promotes eosinophilic cell maturation and proliferation. Impaired autophagy contributes to the differentiation of myofibroblasts and 
the release of TGF-β, driving a pro-fibrotic response. Activated eosinophils release toxic mediators, such as eosinophilic cationic protein, which attracts fibroblasts 
and stimulates TGF-β secretion. The mediators released by eosinophils cause tissue damage, which in turn prompts further release of IL-33. IL-33: Interleukin 33; ECP: 
Eosinophil cationic protein; TGF-β: transforming growth factor-β; AREG: Amphiregulin; IL-33: Interleukin 33.

Table 2 
Selected experimental and clinical models investigating IL-33 in lung trans
plantation. The table summarizes key studies that have elucidated IL-33 sig
nalling across diverse contexts, including ex vivo lung perfusion, in vitro co- 
culture systems, and clinical bronchoalveolar lavage fluid (BALF) analyses. 
These models collectively demonstrate how IL-33 contributes to epithelial stress 
responses, immune cell activation, and fibrotic remodelling in the pathogenesis 
of CLAD and BOS.

Model type Experimental insight Study/ 
reference

Ex vivo lung perfusion 
(EVLP)

IL-33 release correlates with cold 
ischemia and graft dysfunction

[91]

In vitro 
epithelial–fibroblast co- 
culture

IL-33 suppresses autophagy, promotes 
fibroblast activation; reversed by ST2 
blockade

[103]

Clinical BALF analysis BAL eosinophilia linked to CLAD; IL- 
33/ST2/TSLP/eotaxin upregulation

[87]

BOS patient BALF analysis ST2+CD64+ macrophages suggest IL- 
33-driven fibrotic activation in BOS

[88]
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classified into four phenotypes based on respiratory function and 
radiological findings, each with distinct underlying mechanisms and 
prognostic implications [75]. Being the most common fatal complica
tion in lung transplant recipients, CLAD has become the focus of 
extensive research to unravel the molecular mechanisms that drive its 
various phenotypes [76]. In recent decades, some studies have investi
gated the multifaceted contribution of IL-33 to the pathogenesis of 
CLAD.

The intricate network of interactions between IL-33 and the innate 
and adaptive immune systems [2] has sparked increasing interest in 
understanding its role in CLAD.

Contrary to the protective role of eosinophilic cells in initial graft 
acceptance, increased BAL and/or blood eosinophilia is associated with 
increased risk of CLAD and poor outcome [77–81]. Although the path
ogenetic link between eosinophilia and CLAD is not yet entirely clear, 
eosinophilic activation has been found to have toxic effects on airway 
epithelial cells, leading to tissue damage [76,78–80,82].

Additionally, eosinophil cationic protein (ECP) attracts fibroblasts 
and stimulates release of transforming growth factor-β (TGF-β), resulting 
in a pro-fibrotic response [80,82–86].

In the lung (as in other organ such as the liver), IL-33 release acti
vates pro-fibrotic TGF-β, playing a clear pro-fibrotic role. The balance 
between resolving and pro-fibrotic capabilities of IL-33 is delicate, with 
a central role in the modulation of type 2 inflammation and fibrosis in 
response to tissue injury [50]. A better characterization of the T2 in
flammatory signals driving eosinophilic activation and consequent 
CLAD-related lung fibrosis could enhance our understanding of the 
pathogenesis of CLAD and facilitate the development of new therapeutic 
approaches [76]. The widespread contribution of IL-33 in type-2 
inflammation indicates that it may play a relevant mechanistic role. 
Todd and colleagues analysed biopsy data from a multicentre cohort of 
lung recipients and assessed eosinophil-related T2 immune activation in 
CLAD lung tissues. In line with previous reports, the degree of BAL 
eosinophilia in the first year after transplant was related to CLAD 
severity [87].

Surprisingly, eosinophil gene expression in CLAD has not shown 
upregulation of the IL-4 and IL-5 signalling pathways, which are the key 
regulators of eosinophilic proliferation and activation. This finding 
suggests that pulmonary eosinophil infiltration and degranulation are 
regulated by an IL-5-independent pathway. In this regard, the genes 
encoding epithelial-derived cytokines have shown intriguing results: IL- 
33 is overexpressed, alongside increased expression of the gene for its 
receptors, ST2, IL-13 and AREG, which are produced by immune cells in 
response to IL-33 signalling [87]. Based on this evidence, IL-33 release in 
response to post-transplant clinical events may lead to IL5-independent 
pulmonary eosinophil activation, subsequently driving fibrotic pro
gression to CLAD.

Moreover, in BOS patients there was a significantly increased pro
portion of ST2+CD64+ macrophages in the BALF. Continuous epithelial 
damage stimulates these ST2+ macrophages to produce excessive 

growth factors and extracellular matrix, resulting in airway remodelling 
and obstruction [88].

6.1. From ischemia-reperfusion injury to CLAD

Ischemia-reperfusion injury is the main reason for primary graft 
dysfunction and has emerged as a major risk factor for CLAD after lung 
transplant [89]. The inflammation that occurs during ischemia- 
reperfusion has been linked to danger-associated molecular patterns, 
molecules released by injured cells that activate pro-inflammatory sig
nalling [90]. IL-33 has been evaluated during ischemia/reperfusion 
injury in experimental models, revealing a cell mechanism similar to 
danger-associated molecular patterns in the regulation of immune re
sponses [91]. A rat transplant model showed that during ischemia- 
reperfusion injury, the IL-33-driven pathway promotes lung allograft 
acceptance by inducing eosinophil-mediated tolerance, [92] demon
strating that eosinophilic cells may promote lung allograft acceptance 
through downregulation of lung allo-immunity and activation of NO- 
dependent pathways [93,94]. IL-33 production by donor-derived stro
mal cells unlocked ischemia-reperfusion injury, leading to activation of 
ILC2s, the dominant producers of IL-5 in the lung graft. IL-5 production 
by recipient-derived ILC2s resulted in eosinophil migration into the 
transplanted lung, promoting graft acceptance. The increase in graft 
rejection observed in IL-33-deficient mice confirms the intriguing role of 
the IL-33/ILC2/IL-5 axis in safeguarding lung allografts during 
ischemia-reperfusion injury [92].

6.2. IL-33 and regulation of autophagy in the pathogenesis of CLAD

CLAD develops as a consequence of complex overlapping immune- 
mediated mechanisms, resulting in repeated lung injury, tissue remod
elling/repair and irreversible fibrosis [95]. The blockade of fibrotic 
remodelling is a key to improving clinical outcomes in CLAD patients 
and has led to unsuccessful experimentation with antifibrotic thera
peutic approaches [96]. Autophagy is an adaptive cell response to stress 
which plays a crucial role in maintaining cellular, tissue and organism 
homeostasis [97]. Over recent decades, the dysfunctional autophagy 
response has emerged as a key player in lung fibrogenesis [98]. Inhibi
tion of autophagy induces myofibroblast differentiation of lung fibro
blasts and promotes the epithelial–mesenchymal transition of alveolar 
epithelial cells via aberrant epithelial–fibroblast crosstalk [99–101]. 
Pre-clinical studies have analysed the role of IL-33 in the promotion of 
lung fibrosis by regulating expression of profibrotic genes in the lungs 
[53,55]. Autophagy and IL-33 share similar signalling pathways trig
gered by environmental stimuli. CLAD tissue shows a marked increase in 
IL-33 expression associated with impairment of basal autophagy [102].

Exposure to Pseudomonas aeruginosa has also been shown to 
compromise epithelial cell autophagy, leading to increased TGFβ1 
expression and myofibroblast differentiation. IL-33/ST2 blockade res
cues cellular autophagy and reduces myofibroblast differentiation on 

Table 3 
Summary of key IL-33–related pathogenic mechanisms implicated in CLAD. Each row outlines a distinct pathological aspect involving IL-33 signalling, including the 
cellular context, key effector cells, and main molecular pathways. The references cited correspond to the main studies supporting each mechanism.

Pathogenic aspects Mechanistic description Key cellular players Molecular mediators/ 
pathways

Main 
references

IL-33 release as alarmin Released by stressed or damaged epithelial cells post-transplant; triggers 
innate and adaptive immune activation via ST2 receptor.

Epithelial cells, stromal 
cells

IL-33/ST2 signalling 
axis

[56]

Activation of the IL-33/ 
ST2 axis

IL-33 binds to ST2 on immune cells, promoting pro-fibrotic cytokine 
production.

Tregs, ILC2s, macrophages, 
eosinophils

IL-13, TGF-β [48–50]

Eosinophil 
hyperactivation

IL-33 induces eosinophil activation independent of IL-5; sustained epithelial 
injury amplifies IL-33 release.

Eosinophils, epithelial cells IL-33, AREG, IL-13 [79]

Autophagy 
dysregulation

IL-33 suppresses autophagy pathways in epithelial cells and fibroblasts, 
impairing tissue homeostasis.

Epithelial cells, fibroblasts Beclin-1, TGF-β, IL- 
33/ST2

[102,103]

Beclin-1 regulatory loop IL-33-mediated inhibition of Beclin-1 disrupts autophagosome formation. Fibroblasts Beclin-1 [103]
Therapeutic potential Blocking IL-33/ST2 restores autophagy and reduces fibrogenesis in preclinical 

models.
– Anti-IL-33, Anti-ST2 

therapies
[50]
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exposure to Pseudomonas aeruginosa.
Exposure to IL-33 also inhibits autophagy, like exposure to infective 

triggers, confirming the pivotal role of IL-33 in inducing autophagy 
dysfunction and fibrogenesis downstream. The IL-33/autophagy axis is 
regulated by Beclin-1, a key regulator of autophagosome formation. 
Overexpression of Beclin-1 attenuates fibroblast activation, suggesting 
the existence of a negative feedback loop [103].

7. Conclusive remarks

Over the past decade, medical research has cast a spotlight on the 
widespread contribution of IL-33 biology not only to inflammation but 
also to the development of fibrosis and lung transplant rejection. IL-33 
plays a central role in transplant rejection across multiple organs – 
lung, kidney, heart and liver – primarily through its dual function as an 
alarmin and pro-fibrotic cytokine. While its early release supports tissue 
repair in acute injury, persistent IL-33/ST2 activation contributes to 
chronic inflammation, immune dysregulation, and fibrosis across the 
kidney, heart, liver, and lung. Throughout these organs, IL-33 presents 
shared mechanisms including activation of type 2 immunity, stimulation 
of TGF-β signalling, induction of EMT and release of ECM components. A 
comparative analysis of IL-33 signalling across organs may help delin
eate common versus tissue-specific pathways of alloimmune injury and 
fibrosis, informing organ-adapted therapeutic approaches. In this 
context, the lung appears to present unique IL-33–related featur
es—particularly involving autophagy regulation and eosinophil bio
logy—not fully shared by other transplanted organs such as the kidney, 
liver, or heart.

These unique lung-specific characteristics are especially relevant in 
the context of CLAD.

Several interesting issues remain to be solved regarding eosinophil 
biology and type 2 immunity in lung recipients. The biphasic behaviour 
of the eosinophilic allo-responses reported in the murine orthotopic lung 
transplant model and in human CLAD lung tissues complicates our 
incomplete understanding of the graft microenvironment, which may 
influence and regulate type 2 immunity [104]. IL-33 appears to be a 
master regulator of type 2 responses and modulator of autophagy. In 
CLAD, IL-33 downstream pathways may bridge eosinophil-mediated 
tissue damage and autophagy dysfunction-related fibrogenesis. The 
toxic effects of eosinophilic degranulation on airway epithelial cells 
could trigger the release of IL-33, inducing the IL-33/autophagy axis and 
additional eosinophilic recruitment. A deeper exploration of the mi
crobial and environmental stimuli that activate IL-33 downstream type 2 
and/or autophagic responses may improve our understanding of the 
behaviour of IL-33. The role of type 2 responses in CLAD suggests that 
therapeutic strategies focused on targeting type 2 inflammatory path
ways and particularly those involving anti-epithelial-derived cytokines 
could be effective. Moreover, involvement of IL-33 in the impairment of 
autophagy and subsequent fibrogenesis underscores the potential ther
apeutic benefit of targeting the IL-33/autophagy axis to prevent and/or 
treat CLAD. In this regard, several biologics targeting the IL-33/ST2 axis 
have been developed and tested in asthma and COPD, including the 
anti–IL-33 antibody itepekimab and the anti-ST2 agents astegolimab 
and tozorakimab. Although these therapies have not yet been tested in 
CLAD, they have shown promising safety and efficacy profiles in 
selected subgroups of airway diseases, supporting the rationale for their 
future evaluation in lung transplant recipients.

In parallel, emerging high-dimensional approaches, including omics 
technologies and functional screening platforms, may offer powerful 
tools to dissect IL-33–driven mechanisms in CLAD, aiding both mecha
nistic insight and therapeutic development. To advance the field, future 
research would benefit from standardized and integrated experimental 
models—including in vitro co-cultures, ex vivo perfusion systems, and in 
vivo genetic tools such as IL-33- or ST2-deficient mice and bone marrow 
chimeras. Future translational studies, grounded in rigorous target 
validation, will be essential for deepening our understanding of CLAD 

pathogenesis and for informing the rational development of targeted 
therapeutic strategies.
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