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Preface 

Human and animal lung are constantly threatened of developing pulmonary disorders, 

due to their continued exposition to air pollution and airborne viruses, pollutants such as 

tobacco smoke or occupational exposure for humans, or allergens such as the clinically relevant 

house dust mite (HDM), pollen and mold.   

In the first Introduction chapter, we will conduct a brief comprehensive survey 

analysis of the immunopathology associated with two life-threatening pulmonary conditions, 

namely Acute Respiratory Distress Syndrome (ARDS) and Neutrophilic Exacerbation of 

Allergic Asthma, with a description of the main innate immune cells and intracellular 

mechanisms involved. 

In the second Introduction chapter, we first will discuss the crucial impact of severe 

lung injury in the widspreading of inflammation. We will evoke precise concepts of the best 

described cell death modalities (apoptosis, necroptosis, pyroptosis, and NETosis), following 

carefully the classifications and recommendations of the National Committee for Cell Death 

(NCDD), how each cell death is regulated, and what led to the major finding of PANoptosis, a 

unique cell death modality with significant pathophysiological implications.  

In a second step, we aim at uncovering intricate details surrounding the regulation of the innate 

immune system by cell death, and decipher mechanisms that make a specific cell death 

"inflammatory", explain the role of danger-associated molecular patterns (DAMPs) released by 

lytic and non-lytic cell death, with a focus on DNA as a common danger signal in all cell death. 

In a third step, we seek to enhance our knowledge of how the cGAS- stimulator of interferon 

genes (STING) pathway regulates the main cell death modalities while responding to self-DNA, 

as a positive feed mechanism with deleterious consequences on lung tissue.    

Finally, we will explore major advances in the field of immune modulation of the STING 

pathway as a therapeutic strategy.  

In the third Results chapter, we will expose our study and the related two manuscripts. In the 

final Discussion chapter, we will discuss the main results and the limitations of the studies, as 

well as perspectives.  
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‘I was really shocked. I thought my immune system was there to protect me ....’.  

-Quote from a patient recovering from sepsis-induced ARDS- 
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Chapter I: Lung inflammation 

I. Acute respiratory distress syndrome 

Acute respiratory distress syndrome (ARDS) is a clinical syndrome of diffuse lung 

inflammation and oedema that commonly causes acute respiratory failure (Bos et Ware, 

2022). The clinical syndrome ARDS can be caused by a wide range of predisposing factors, 

including viral infection, bacterial infection and fungal infection to a lesser extent, 

nonpulmonary sepsis, aspiration of gastric and/or oral and oesophageal contents which can 

be exacerbated by subsequent infection, and trauma such as blunt, penetrating injuries or 

burns (Matthay et al, 2019). Among young children, viral infections such as respiratory 

syncytial virus and influenza virus are the most frequent factors inducing life-threatening 

ARDS (Nye et al, 2016). 

 

Figure 01: Predisposing factors of ARDS. Acute respiratory distress syndrome can be a result 

of indirect extrapulmonary lung injury including sepsis, pancreatitis and physical trauma, or of 

a direct pulmonary lung injury like aspiration of gastric contents or pneumonia which is 

considered as the most common risk factor (Bos et Ware, 2022).   

 

The LUNG-SAFE study carried out in 2014 by Bellani and collaborators showed that 

among the 29,144 intensive care patients followed up over 50 countries, the prevalence of 

ARDS was 10.4% and ARDS was identified in 23% of all ventilated patients (Bellani et al, 

2016). ARDS is common in admitted intensive care unit patients but still remains under-

recognized and under-treated. During the COVID-19 pandemic, ARDS has gained interest in 

the field due to the increased incidence of ARDS (Bos et Ware, 2022). Indeed, Severe acute 
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respiratory syndrome coronavirus 2 (SARS-CoV-2) virus infection (2019) has led to the death 

of at least 6 million persons, most of them from ARDS (Cascella et al. 2022). 

1. Pathophysiology of ARDS  

The pathophysiology of ARDS is complex and involves injury and inflammatory 

pathways that are necessary for host defense to insults and infections, but are deleterious if 

over-activated (Huppert et al. 2019). In this pathological context, mechanical ventilation can 

aggravate lung injury and inflammation (Jin et al. 2021).  

A normal lung must ease O2 transfer across the distal alveolar-capillary that begins with 

inspiration of fresh air and ends at the mitochondrial respiratory chain where O2 is consumed 

in the process of oxidative phosphorylation, while eliciting carbon dioxide excretion (Hsia et 

al, 2016).  The alveolar epithelium is composed of a monolayer of alveolar type I (ATI) cells 

which are responsible of gas exchange, and alveolar type II (ATII) cells, which produce 

surfactant to reduce surface tension and allow the alveoli to remain open. This epithelium forms 

a tight barrier that is responsible for the diffusion of oxygen and carbon dioxide, but also 

restricts the passage of small solutes (Bhattacharya et al. 2013). Under physiological conditions, 

ATI and ATII cells keep the air space dry by absorbing excess fluid through vectorial ion 

transport, primarily through apical sodium channels and basolateral Na+/K+-ATPase pumps. 

Once the liquid is absorbed, it will be evacuated via the lymphatic network of the lung. Barrier 

integrity depends on intercellular tight junctions, which are composed of transmembrane 

claudins and occludins and cytoplasmic zonula occludens (ZO) proteins that anchor tight 

junctions to the actin cytoskeleton (Matthay et al. 2013. Matthay et al, 2019). Endothelial cells 

connected by an intact tight junction also play a role in maintaining alveolar homeostasis by 

regulating the transvascular flux of fluid and inflammatory cells into the interstitial space, 

preventing them from crossing the epithelial barriers (Müller-Redetzky et al. 2014).  

At steady state, alveoli contain alveolar macrophages in the airspace for host defense, 

while polymorphonuclear leukocytes (neutrophils), erythrocytes, and platelets circulate freely 

through the endothelial capillary and can be rapidly recruited into the airspace in the context of 

infection (Matthay et al, 2019. Bos et Ware, 2022).  
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Figure 02: Intact alveolar–capillary barrier. Healthy alveolar-capillary epithelium forms a 

tight barrier formed by ATI and ATII cells. The barrier is supported by intercellular tight 

junctions composed of claudins, occludins, and ZO proteins. Endothelial cells regulate fluid 

influx and are also connected through tight junctions and adherent junctions containing VE-

cadherin. TIE2 and VE-PTP help stabilize VE-cadherin. Normally, fluid and solutes move into 

the interstitial space and lymphatics, while the epithelial barrier remains intact. Alveolar 

macrophages provide host defense, and the free circulating PMNs can be quickly recruited 

during infection or injury (Matthay et al, 2019).  

One of the hallmark of ARDS is the increased alveolar–capillary permeability to fluid, 

proteins, neutrophils and red blood cells, leading to their accumulation into the airspace and 

severe oedema formation (Matthay et al. 2012. Huppert et al. 2019).  These phenomena can 

give rise in some cases to ‘diffuse alveolar damage’ (DAD) and threatens the excretion of 

carbon dioxide resulting in respiratory failure and mortality (Thille et al, 2013). Post-mortem 

lung tissues examination from COVID-19 patients revealed that DAD is the prime pattern of 

lung injury (Carsana et al, 2020). DAD was first defined by Katzenstein in 1976 to describe 

endothelial and alveolar monolayer cell injury with dying of pneumocytes, hyaline membranes 

deposition, inflammation (neutrophilic alveolitis) followed by a ATII cell hyperplasia to 

reorganize the alveoli, and in some cases fibrosis progression (Katzenstein et al, 1976. Lamers 

et al, 2022).    

1.a) Lung’s epithelial and endothelial barriers damage   

Injury to the epithelial and endothelial barrier is a typical feature of ARDS. A variety of 

clinically relevant insults can attack the epithelium directly, such as, bacterial toxins, lytic 

https://pubmed.ncbi.nlm.nih.gov/?term=Matthay+MA&cauthor_id=22850883


21 
 

viruses, acid, hyperopia, hypoxia and biophysical forces, or indirectly by inducing 

inflammation (Bos et Ware, 2022). Injured epithelium leads to increased susceptibility to 

secondary infections, as it is an important barrier to pathogens through the production of 

defensins and surfactant proteins (Akdis et al. 2021).  

Inflammation-induced loosening of the endothelial barrier breakdown can occur through 

either endothelial junction dysfunction (Claesson-Welsh et al. 2021) or endothelial cell death 

(Matthay et al. 2012. Cheng et al. 2017). In response to infectious agents, resident macrophages 

and recruited neutrophils release mediators and danger signals leading to phosphorylation of 

VE-cadherin and its internalization. VE-cadherin plays a critical role in maintaining the 

integrity of endothelial cell contacts (Giannotta et al. 2013). It forms cell-cell junctions with 

TIE2, an endothelial receptor kinase. However, the release of angiopoietin 2 by injured 

endothelial cells disrupts TIE2-mediated stabilization of VE-cadherin, leading to the formation 

of gaps between endothelial cells (Matthay et al. 2019). The glycocalyx the layer of 

glycoproteins and glycolipids that protects endothelial cells, can be easily damaged, exposing 

adhesion molecules such as P-selectin and E-selectin, which promote leukocyte transmigration 

(Schmidt et al. 2012). As the capillary endothelium forms a barrier between circulating blood 

cells and plasma and the lung interstitium and airspace, these events collectively favor edema 

formation and RBC influx. In the same context, endothelial cells upregulate procoagulant 

molecules favoring the formation of microvascular pulmonary thrombosis (Livingstone et al 

2021).  

Lung epithelial injury determines survival in patients with ARDS. Pathogen sensing by 

innate immune surveillance receptors on alveolar type II (ATII) cells and resident alveolar 

macrophages induces the secretion of chemokines such as IL-8, which attract immune cells 

from lung vasculature into the airspace (Thorley et al.2007; Aggarwal et al. 2014). 

Subsequently, to neutralize infectious agents, neutrophils can produce a variety of tissue 

stressors including reactive oxygen species (ROS), and form extracellular traps (NETs). NETs 

are composed of DNA decorated with histones, and proteases such as myeloperoxidase (MPO) 

and neutrophil elastase (NE), which can be highly immunogenic and harmful when in direct 

contact with lung tissue and are sufficient to induce epithelial cell death (Radermecker et al. 

2020; Ackermann et al. 2021). A previous study has shown that neutrophils undergoing 

apoptosis induce alveolar epithelial apoptosis through the release of sFasL (Serrao et al. 2001). 

Moreover, NETs promote thrombosis in the lung (Matthay et al. 2019).  

https://pubmed.ncbi.nlm.nih.gov/?term=Matthay+MA&cauthor_id=22850883
https://pubmed.ncbi.nlm.nih.gov/?term=Matthay+MA&cauthor_id=22850883
https://pubmed.ncbi.nlm.nih.gov/?term=Matthay+MA&cauthor_id=22850883
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Epithelial cell death by apoptosis or necrosis is a focal point of alveolar injury in ARDS. 

It can result directly from infecting lytic agents, or from a mechanical stretch which causes 

surfactant dysfunction normally produced by ATII, increasing the risk of lung injury (Budinger 

et al. 2011).  In addition to neutrophils, macrophages are partially responsible for epithelial cell 

death through IFNβ-dependent release of tumor necrosis factor (TNF) and its TRAIL-

dependent activation of death receptors (Högner et al. 2013).  Fragile red blood cells which 

infiltrate the air space, release free hemoglobin, which induces vascular permeability through 

oxidative mechanisms (Shaver et al, 2018). Alveolar epithelium injury also includes tight 

junction disruption with the loss of the epithelial glycocalyx, which is proinflammatory (Rizzo 

et al. 2022).  

 

Figure 03: Increased permeability in alveolar–capillary barrier. In the context of ARDS, 

the integrity of the alveolar barrier is disrupted due to inflammation, leading to the accumulation 

of fluid in the alveoli (edema). This occurs through the disruption of tight junction, resulting in 

increased permeability of the endothelial cell layer. Consequently, there is a leakage of water, 

solutes, leukocytes, platelets, and other inflammatory molecules into the alveolar space 

(Matthay et al. 2019). 
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2. Innate Immune Cells in the Pathogenesis of ARDS: Understanding the 

Immune-Pathological Landscape 

The pathogenesis of ARDS is multifactorial and involves excessive activation of 

multiple immune cells from both the innate and adaptive systems, with a massive release of 

pro-inflammatory cytokines that mediate the propagation of lung injury (Spadaro et al, 2019; 

Wong et al, 2019).   

Calfree and collaborators stratified ARDS patients into two sub-phenotypes based on 

blood biomarkers: hypo-inflammatory and hyper-inflammatory. The hyper-inflammatory 

group was characterized by higher plasma levels of proinflammatory biomarkers including IL-

6, IL-8, soluble TNF receptor 1 (sTNFR1), but also alveolar bronchial and endothelial damage 

biomarkers such as plasminogen activator inhibitor-1 (PAI-1) and protein C, compared to the 

hypo- inflammatory subgroup. Moreover, the hyper-inflammatory group had fewer ventilator-

free and organ failure-free days, and a higher mortality rate (Calfee et al. 2014; Spadaro et al, 

2019). This study was updated by another group in 2022 (Duggal et al. 2022).    

2.a) Involvement of macrophages  

Macrophages in lung tissue are key players of the inflammatory response to ARDS (Liu et al, 

2022).  

2.a.1) Types and origin of macrophages in lung   

Macrophages in lung tissue mainly include three subpopulations including alveolar 

macrophages (AMs) and pulmonary interstitial macrophages (PIMs). Alveolar macrophages 

are more abundant and serve as the primary immune sentinels of the airways, express specific 

surface markers such as Siglec-F and CD11c, and participate in surfactant catabolism (Woo et 

al, 2021).  

Macrophages have historically been described as being derived from blood monocytes 

that infiltrate target tissue by expressing C-C chemokine receptor type 2 (CCR2) (Krenkel et 

al., 2018). However, an experimental study has demonstrated that mice lacking CCR2 motifs, 

have the same number of AMs as the control group, suggesting a minimal contribution of blood 

monocytes to the AMs pool (Hashimoto et al., 2013).  

Recent evidence suggests that pulmonary macrophages are a mixed population of bone 

marrow-derived blood monocytes and of embryonic-derived primitive macrophages present in 

the yolk sac or fetal liver (Woo et al, 2021). Yolk sac macrophages are recognized as ‘F4/80hi 
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macrophages’ in several tissues including lung. In normal mice, these cells co-exist with 

‘F4/80lo macrophages’, of hematopoietic origin (Davies et al, 2013). Under steady-state, AMs 

derived from primitive macrophages do not rely on blood monocytes for their renewal (Yona 

et al. 2012).  AMs in the alveolar lumen are mainly derived from fetal liver monocytes (Ginhoux 

et al. 2016). AMs self-renewal under the stimulation of GM-CSF and TGF-β secreted by ATII 

cells (Yu et al. 2017). At steady state, AM are maintained quiescent by the alveolar 

microenvironment through TGF-β, IL-10 and CD200. They promote the differentiation of 

CD4+ T cells into Treg cells through TGF-β (Snelgrove et al. 2008).   

AMs can be further divided into two subpopulations based on their origin and function: 

resident alveolar macrophages (RAMs) and recruited macrophages (RecAMs). RAMs are 

considered as immunosuppressive and mainly present the M2 phenotype. Conversely, RecAMs 

highly express M1 markers and increase at the peak of inflammation (Dang et al. 2022). Indeed, 

they were present in the BALF as early as 3 days in an LPS-induced lung injury model (Janssen 

et al, 2011). The M1/M2 balance is closely related to macrophage subpopulations (Mould et al, 

2019). These findings suggest that a M1/M2 ratio change in ARDS is probably related to a 

switch in macrophage subgroups.  

Pulmonary interstitial macrophages (PIMs) comprise 30–40% of all lung macrophages 

and are found in the interstitial space of the bronchi and alveoli (Chen et al, 2020). PIMs are 

initially derived from yolk sac-derived embryonic F4/8 macrophages and can be replenished by 

circulating monocytes. PIMs are the main source of IL-10, which may be their main mechanism 

for regulating inflammatory cell infiltration to maintain vascular permeability. Indeed, when 

PIMs were depleted, proinflammatory factors such as IL-6, CCL2, CCL3, CCL5 and monocyte 

recruitment increased in the bronchoalveolar lavage after in vivo stimulation with poly(I:C) 

(Ural et al, 2020).    

Pulmonary vascular macrophages (PVMs) are a third type of lung macrophages, that are 

not constitutive but only appear in the lung in conditions of liver dysfunction and bile duct 

ligation in a monocyte chemotactic protein 1 (MCP-1) dependent manner (Vrolyk et al, 2019).  

SPIC is the candidate transcription factor that drives the development of PVMs. CD68+ PVMs 

are considered as ARDS promoters of extrapulmonary origin: they exert their pro-inflammatory 

functions via activation of the NFκB pathway, secretion of inflammatory mediators (IL-1b, IL-

6, IL-8, cyclooxygenase 2 COX-2) and recruitment of neutrophils and platelets (Vrolyk et al, 

2020). PVMs are also considered as markers of poor prognosis. Apoptosis of PVMs alleviate 

lung inflammation (Gill et al, 2008). 
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factors Recruitment 

of platelets and 

Neutrophils 

Table 01: Macrophages polarization and classification. AMs alveolar macrophages, RAMs 

resident alveolar macrophages, RECAMs recruited alveolar macrophages, PIMs pulmonary 

interstitial macrophages, IMs interstitial macrophages, MФ macrophages, PVMs pulmonary 

vascular macrophages (Dang et al, 2022).  

 

2.a.2) Macrophage polarization: The M1/M2 paradigm  

Macrophages are highly plastic and can be polarized into different phenotypes under a 

variety of environmental conditions. For a long time, macrophages have been divided into 

classical (M1) and alternative (M2) activated macrophages (Murray et al. 2014). The loss of 

the M1/M2 balance can aggravates lung injury.  

When stimulated by Th1 related cytokines, such as interferon γ (IFN-γ) or TNFα 

macrophages polarize to M1, producing a higher level of TNF-α, IL-1, IL-6, IL-12, chemokine 

CCL8, IL-23, MCP-1, macrophage inflammatory protein 2 (MIP-2), ROS, and COX-2 and 

expressing high levels of inducible NO synthase (iNOS). Functionally, this population of 

macrophages is mainly involved in antimicrobial, and antitumoral activities while participating 

in lung tissue injury when excessively activated (Aggarwal et al. 2014; Murray et al. 2014; 

Huang et al. 2018).    

Conversely, M2 macrophages are generated in response to Th2 cytokines such as IL-4 

and IL-13 as well as anti-inflammatory cytokines such as IL-10 and TGF-β. These macrophages 

have an anti-inflammatory cytokine profile characterized by low production of IL-12 and high 

production of IL-1 receptor antagonist, chemokine CCL18, arginase 1 (Arg-1), found in 

inflammatory zone 1 (Fizz1), chitinase 3-like 3 (Chi313), IL-10, and TGF-β, inhibiting 

inflammatory cell aggregation and promotes tissue repair (Huang et al. 2018; Shapouri-

Moghaddam et al. 2018). M2 macrophages can be further divided into four subtypes:  M2a, 

M2b, M2c and M2d (Figure 3), exerting a vast spectrum of pro-resolving functions (Lee et al. 

2021). During the course of ARDS, M2 participate in tissue repair, remodeling and suppression 

of inflammation (Cheng et al. 2021; Deng et al. 2020)  
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Figure 04: Macrophages polarization: the “M1 / M2 paradigm “. Overview of the dynamic 

process of macrophage polarization, highlighting the distinct functional phenotypes of M1 and 

M2 macrophages and their roles in immune responses and tissue homeostasis (Liu et al, 2022).  

 

2.a.3) Regulation of the M1/M2 balance 

At the peak of inflammation, single cell sequencing showed that AMs exhibiting the M1 

phenotype were enriched in inflammation-related genes such as NFκB in a TLR4/MyD88-

dependent pathway, leading to the initiation of the exudative phase (Sica et al, 2012). In this 

phase, several lung inflammatory biomarkers mainly produced by M1 macrophages such as IL-

1β, IL-6, IL-8, IL-10 and TNF-α have been reported as a clinical tool for predicting the 

development, severity and mortality of ARDS in patients with lung injury (Sivapalan et al, 

2021; Spadaro et al, 2019; Capelozzi et al, 2017).  

Evidence for the involvement of JNK pathway in macrophage polarization have been reported. 

. In fact, JNK appears to have a dual role, it is required for M1-associated inflammation and 

fibrosis (Shi et al, 2019). Conversely, in IL-4-stimulated macrophages, a study showed that 

high expression of JNK and c-Myc transcription could promote the M2 phenotype (Hao et al, 

2017). AKT is a family of three serine/threonine protein kinases (Akt1, Akt2 and Akt3) 

involved in the PI3K/Akt signaling pathway, known to regulate macrophage activation and 

gene expression with a dual role depending on the Akt isoform. It was shown that Akt1-/- 
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macrophages express high levels of iNOS, TNF-α and IL-6 and give rise to the M1 phenotype, 

while Akt1+/+ macrophages express high levels of Fizz1, Chi313 and IL-10, leading in M2 

phenotype (Arranz et al, 2012).   

The Notch signaling pathway, especially Notch1, appears to be exclusively related to M1 

macrophages and prevents M2 macrophage differentiation and promotes their apoptosis by 

binding to Delta-like 4 (Pagie et al, 2018).  In the same context, the IFN-γ/JAK/STAT1 

signaling pathway is thought to be involved in mediating the M1 phenotype. In contrast, type I 

IFNs (α-β) exert anti-inflammatory effects via SOCS3 upregulation, which inhibits STAT1 

phosphorylation (Zhou et al, 2014), but its role in macrophages polarization remains uncertain. 

Within the STAT family, STAT6 is recognized as central for M2 polarization in vivo under an 

IL-4/IL-13 rich microenvironment (Sica et al. 2012).   

Hypoxic conditions can complicate the course of ARDS in which the HIF family proteins plays 

an important role. HIF-1α induces iNOS synthesis and leads to M1 phenotype; conversely, HIF-

2α is known to favor Arg-1 and M2 phenotype (Malyshev et al. 2015). Many other signaling 

pathways play a critical role in the M1/M2 balance such as the peroxisome proliferator-

activated receptor γ (PPARγ), TGF-β, c-Myc, IRF or the Krüppel-like factor (KLF4 and KLF6) 

signaling pathways, but they will not be discussed here (Chen et al. 2020). 

2.a.4) Role of polarized macrophages in ARDS  

M1/M2 macrophages are involved in all stages of ARDS including the exudative phase, 

the rehabilitation phase and, finally, the fibrotic phase. The M1/M2 paradigm is an 

oversimplification and cannot fully describe the complex and dynamic changes in different 

subsets of macrophages, as macrophages can play dual roles during the course of ARDS.  

During the exudative phase, the M1 phenotype drives lung tissue damage in ARDS in 

most reports (Mishra et al. 2021). However, recent studies demonstrated that M1 can attenuate 

inflammation in LPS-induced lung injury and ventilator-induced lung injury, protecting the 

integrity of the epithelial barrier (Dolinay et al. 2006). Similarly, fibrosis is a late complication 

in the course of ARDS in which M2 macrophages promote fibro-proliferation and tissue 

metalloproteinase inhibition leading to excessive ECM deposition (Mishra et al. 2021). 

However, contradictory studies revealed that IL-4 polarized M2 macrophages are involved in 

the antifibrotic process by expressing Arg-1 and resistin-like α genes (D’Alessio et al. 2016).   

Targeting macrophages polarization as a therapeutic strategy might show promising results in 

many preclinical studies, but the fact that macrophages are paradoxally involved in the process 
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of ARDS makes therapeutic interventions challenging, and further studies are needed to better 

decipher the functions of different macrophage subtypes in each phase of ARDS.  

2.b) Involvement of neutrophils: The role of neutrophils in lung 

inflammation  

Neutrophils are the first and most abundant immune cells to be recruited to the site of 

pathogenesis within pulmonary tissue, in response to both infectious and sterile inflammatory 

stimuli (Aulakh. 2018). Neutrophil activation plays a significant role against infections. 

Nevertheless, their excessive activation contributes to tissue damage and lung dysfunction. 

Indeed, several reports have associated neutrophilia with lung disease severity and documented 

its role as a predictor of poor outcome, notably in COVID-19 ARDS patients (Radermecker et 

al. 2020; Liu et al. 2020).  

IL-8 and CXCL5 are the main neutrophil chemoattractant mediators produced by 

epithelial cells and resident macrophages to drive neutrophil migration to the pathogenic site. 

It is then not surprising that high CXCL5 concentrations in bronchoalveolar lavage fluid were 

correlated with neutrophils counts in the injured lung of patients with persistente ARDS 

(Vassallo et al. 2019). The presence of TNF in the tissue helps neutrophils to progress through 

the ECM and reach the pathogenic site via enhancement of MMP9 production (Wong et al. 

2019).  

Once on site, activated neutrophils begin phagocytosis, produce several cytotoxic 

products, undergo a respiratory burst, ROS release and degranulation of proteolytic enzymes, 

and form NETs, further enhancing inflammation (Yang et al. 2018).  
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Figure 05: Neutrophil-mediated lung injury of the alveolar epithelium via multiple 

mechanisms. Neutrophils migrate to the inflamed lung where they undergo respiratory burst, 

degranulation, ROS production, and NETs formation. These inflammatory responses lead to 

epithelial damage and cell death that further attract neutrophils and induce endothelium 

dysfunction. Barrier weakening results in oedema and widening of the interstitium (Vassallo et 

al. 2019).   

    

2.b.1) Oxidative stress  

Activated neutrophils produce a range of toxic ROS as an antimicrobial strategy. However, 

excessive accumulation of ROS in lung tissue is harmful, causing DNA damage to respiratory 

epithelial cells, and promoting cell cycle arrest and apoptosis (Park et al. 2019). Another study 

has shown the potential role of ROS in phosphorylating (MAP) kinases to mediate cell death in 

response to stress (Usatyuk et al. 2003).  ROS also acts on endothelial cells by activating 

intracellular calcium signals to increase permeability and neutrophil infiltration, further 

enhancing lung damage (Di et al. 2016).     

 

2.b.2) Neutrophil degranulation  

Excessive extracellular degranulation of neutrophils impacts lung injury and ARDS (Liu et al. 

2020).  Primary granules, also known as azurophilic granules, contain many proteolytic proteins 

such as MPO, neutrophil elastase (NE) and cathepsin G (Poli & Zanoni. 2022).  Apart from its 

antimicrobial role, NE can degrade extracellular matrix proteins and cleave epithelial-cadherin 

to disrupt respiratory cell adhesion (Boxio et al. 2016). Moreover, epithelial glycocalyx can be 

injured by NE (Suzuki et al. 2019). Being immunogenic, the detached glycocalyx can further 

amplify the inflammation (Rizzo et al. 2022). Neutrophils can release matrix metalloproteinases 

(MMPs) from the secondary and tertiary granules. Previous reports have linked increased 

expression of MMPs to inflammation-induced alveolar damage, endothelial damage and ARDS 

progression (Fligiel et al.2006; Zinter et al. 2019).        

 

2.b.3) Neutrophil extracellular traps (NETs) formation  

Neutrophils have the fascinating ability to form NETs, first documented by Brinkmann and 

collaborators in 2004 for their role in bacterial entrapment (Brinkmann et al. 2004). NETs are 

a filamentous/cloud-like structure, composed of host DNA fibers containing modified histones 

coated with cytoplasmic proteases such as NE and MPO that can easily expand and fill the lung 

alveoli (Vorobjeva1 & Pinegin, 2014; Porto & Stein, 2016).  
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NETs play a role in the initiation and propagation of inflammation in various sterile and 

infective lung diseases, including ARDS (Vassallo et al. 2019). Excessive NETs formation may 

result in accumulation of dense NET plugs, which obstruct small airways within bronchioles 

(Cortjens et al. 2016). NETs fill the alveoli in areas of histological injury providing evidence 

for their ability to promote lung damage and impairment of gas exchange (Narasaraju et al. 

2011; Juliana et al. 2020; Liu et al. 2016). In COVID-19 ARDS patients, higher NET levels 

were correlated to severity, mortality and risks of complications with thrombosis and cytokine 

storm (Liu et al. 2020; Barnes et al. 2020; Zuo et al. 2020). Treatment with DNase I degraded 

NETs and led to reduced pro-inflammatory cytokines, alleviated lung injury and improved mice 

survival (Lefrançais et al. 2018), suggesting that an excessive neutrophilic reaction may lead to 

an adverse and ineffective outcome (Liu et al. 2016; Gan et al. 2018; Lefrançais et al. 2018) 

As an example of sterile inflammation-related NETs, NET components were found in 

the lungs and plasma of transfusion-related acute lung injury (TRALI) patients and mice, 

triggered by activated platelets, that promote coagulation and thrombosis formation in the lung 

(Caudrillier et al.2012; Semeraro et al. 2011). Moreover, NETs induce TF and factor XII-

mediated coagulation and formation of lung micro-thrombi (Massberg et al. 2010).  

Considering these findings, one can suppose that strategies to reduce neutrophil 

infiltration may alleviate lung tissue damage. Nevertheless, during neutropenia, cancer patients 

are at high risk for lung infection and ARDS development (Azoulay & Darmon, 2010). The 

role of neutrophils in ARDS and lung inflammation in general is complex, and evidence that 

neutrophils can promote both inflammation and protection are now numerous (Mincham et al. 

2021).  
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Figure 06: Neutrophils contribution to health and disease. Depending on their 

microenvironment, age, and maturity, neutrophils can establish several crosstalk with immune 

and structural cells through its soluble mediators or by a direct cell-cell interaction. The huge 

heterogeneity of neutrophils reflects their paradoxal action in inflammation. They can initiate 

inflammation via recruitment of monocytes and DC cells and enhancing their activity or 

orchestrates the resolution of inflammation. Likewise, neutrophils can drive tissue repair or 

shift on pathological tissue remodeling (Mincham et al. 2021). 

 

2.b.4) Neutrophils heterogeneity: a dual role during inflammation   

Neutrophil heterogeneity may explain their functional complexity. Within 3 hours of 

intravascular administration of low doses LPS in a human in vivo model, immature and less 

functional neutrophils were released from the bone marrow with impaired ability to generate 

ROS, reduced interaction with opsonized bacteria and reduced expression of chemokine 
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receptors such as CD181 and CD182 (Pillay et al. 2010).  Another “safe neutrophil” subset with 

immunosuppressive phenotype described is the CD16hi CD11bhi CD62low that exhibited the 

ability to suppress T-cell proliferation in human systemic inflammation (Pillay et al. 2012). 

Conversely, activated tissue neutrophils may have the ability to traffic back to the circulation 

by a process called reverse-TEM. These neutrophils characterized as ICAM-1hi CXCR1low 

exhibited enhanced ROS production, enhanced phagocytic capacity and increased longevity 

(Buckley et al. 2006).  

Both animal and human studies have demonstrated the existence of neutrophil CXCR4 

hi subset and Olfactomedin 4+ subset in human which display a higher capacity to undergo NETs 

(Welin et al. 2013; Rodrigues et al. 2020). Despite their well-described inflammatory and 

deleterious role in the lung, NET aggregates were shown to promote the resolution of 

neutrophilic inflammation by degrading cytokines and chemokines and disrupting their own 

recruitment in other models of acute inflammation (Schauer et al. 2014). Similarly, as a source 

of TGF-β and IL-10, neutrophils were shown to have a broad anti-inflammatory and repair 

functions, and demonstrated the potential to reprogram macrophages to a pro-resolving M2-

like phenotype that produce IL-10 (Mantovani et al. 2011; Filardy et al. 2010).   

Such studies may help shed light on the intricate role of neutrophils in lung injury and 

the need to no longer consider them as a phenotypically and functionally homogeneous 

population. New therapeutic strategies should consider the nuances of neutrophil functional 

behavior. 
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II. Asthma 

Non-communicable diseases (NCDs) represent a major threat to the health, growth, and 

development in countries worlwide. Asthma is one of the most common NCDs (GAR 2022). It 

is estimated that more than 350 million people currently suffer from asthma, affecting the 

quality of life of people of all ages around the world (Athari et al. 2019). According to the 

Global Asthma Report (GAR) 2022, more than 1,000 individuals die from asthma every day, 

and many of these deaths are preventable and are due to inappropriate management of asthma 

in developed countries and to unavailable, unaffordable, or unreliable quality of medicines in 

low-income countries (GAR 2022).  

  The Global Initiative for Asthma (GINA) describes asthma as “a heterogeneous disease, 

usually characterized by chronic airway inflammation. It is defined by the history of respiratory 

symptoms such as wheeze, shortness of breath, chest tightness and cough that vary over time 

and in intensity, together with variable expiratory airflow limitation”. (GINA 2022) 

Allergic asthma is triggered by environmental allergens (e.g. pollen, dust mite).  

Allergic asthma is the most common asthma phenotype and has been described to occur in 

about 40-50% of patients with asthma (AAAA, 2019). In the Severe Asthma Research Program 

(SARP) atopies were found in almost 80% of patients with early-onset asthma and about 50% 

of patients with late-onset eosinophilic asthma (Moore et al. 2010). 

 

  

Figure 07: Simplified Asthma pathophysiology. The most common asthma phenotype is 

associated with Th2 immune response associated with the release of IL-4, IL-5, and IL-13 
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mediators, characterized by eosinophilic airway inflammation, goblet cell hyperplasia, mucus 

hypersecretion, airway hyper-responsiveness and shortness of breath. IL-4 has a role in B-cell 

IgE isotype switching and upregulation of FcεRI on mast cells, leading to histamine release and 

promotion of allergic symptoms and smooth muscle spasm. IL-5 leads to activation, migration, 

and accumulation of eosinophils to the airway. IL-13 controls mucus hypersecretion and goblet 

cell hyperplasia and promotes AHR (Athari et al. 2019). 

 

1. Phenotypes and endotypes of asthma 

Given the huge heterogeneity of asthma, several approaches were used to stratify the disease 

based on phenotypic criteria, the underlying mechanism corresponding to each phenotype and 

the biomarkers that enable linking disease phenotypes to pathophysiological mechanisms.  

Asthma phenotypes Asthma endoypes 

A set of relevant and observable properties 

allowing patients clustering based on:  

- clinical parameters (age, sex, 

race, disease onset, triggers, 

symptoms, etc.)  

- physiological properties (upper 

and lower airway patency and 

hyperreactivity, ventilation 

pattern, olfaction, skin dryness, 

etc.) 

- morphological features (airway 

smooth muscle hypertrophy, 

shedding epithelium, mucus 

production, nasal polyps, etc.) 

- imaging (bronchial thickness, 

sinus CT)  

- clinically relevant outcomes 

(exacerbations, lung function 

decline, recurrence of nasal 

polyps, etc.) 

- inflammatory parameters 

(eosinophilic, neutrophilic) 

- treatment response 

(responder/nonresponder, 

corticosteroid sensitive or 

resistant) 

A set of disease mechanisms explaining each 

disease phenotype. The main identified 

endotypes so far:  

 

- Type 2 high asthma  

 

- Non or low-type 2 asthma 

 

-  Mixed type2/type1  

 

- Mixed type2/type17  

 

- Type 17 asthma 

 

- Inflammasome endotype: a 

subtype of non-type2 with IL-1β, 

TNFα and NFκB as main 

mediators 

 

- Barrier endotype: a subtype of 

both type 2 and non-type 2 asthma 

with severe barrier alteration as a 

driver of the disease or 

exacerbation.     

  

 

Table 02: Major characteristics of asthma phenotype and endotype allowing disease 

stratification (Agache et al. 2019).  

 

In patients with asthma, phenotype and endotype are prone to overlap and change over 

time depending on treatment outcome or exposure to airborne infections and pollution. Other 
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approaches have been proposed to refine the disease stratification such as asthma regiotype 

(Agache et al. 2019). Regiotype is based on the observation that the regional exposome partially 

explains the heterogeneity of asthma. Indeed, a recent study showed that sensitization to house 

dust mite (HDM) allergens Der p 1, 2 and 23 varied considerably across Europe and was 

predominant in regions where the climate is hot and dry as compared to the humid climate of 

northern regions (Kiewiet et al 2023).   

As with phenotypes and endotypes, biomarkers are also a part of regiotypes. For 

example, serum periostin is considered as a good indicator of type 2 asthma in the Caucasian 

population, while it failed to discriminate between allergic asthma and non-allergic asthma in 

the Chinese population. To date, regiotype is not a widely accepted concept and requires further 

characterization to establish relevant correlations between regiotypes and asthma phenotypes 

and endotypes (Agache et al. 2019).    

 

Figure 08: Asthma phenotypes, endotypes and the underlying moldable mechanisms and 

corresponding treatments. The main asthma phenotypes are type 2-high asthma, type 2-low 

asthma. These phenotypes can overlap and give rise to mixed granulocytes asthma represented 

by type2/type1 asthma and type2/type17 asthma. Four main pathways involved in 

pathophysiology of asthma that showed efficacy: the IgE pathway (omalizumab), the IL-5 

pathway (mepolizumab, reslizumab, benralizumab), the IL-4/IL-13 pathway (dupilumab, 

tralokinumab, lebrikizumab), and the CRTH2 receptor expressed on ILC2 and eosinophils 

(fevipiprant and timapiprant). In non-type 2 asthma, three main pathways can be targeted: the 

inflammasome pathway (using anti-TNF-α, anti-IL-1β, anti-IL-6, IL-37, or CD80-CD28 
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blockade), the IL-17 pathway (via brodalumab), or the anti-IL-33 pathway, with additional 

approaches like CXCR2 and HMGB1/RAGE blockade. For mixed complex endotypes, a 

combination of anti-type 2 interventions with anti-inflammatory macrolides or anti-CXCR2 

may be considered. Alternatively, PI3Kδ/JAK/MyD88 inhibitors could address the upstream 

effects of type 1, type 2, and type 17 cytokines (Agache et al. 2019).   

 

2. Asthma biomarkers: A tool for asthma stratification and development of 

therapeutic targeting strategies  

Biomarkers represent a relevant tool to distinguish between different patient clusters, 

paving the way for individualized treatment plans. (Kaur et al. 2019; Breiteneder et al. 2020; 

Agache et al. 2021). 

T2-driven allergic asthma is the best characterized endotype and is usually associated with 

early asthma onset. The most reliable biomarkers are: blood and sputum eosinophil counts, 

fractional exhaled nitric oxide (FENO) levels, and specific IgE test results.  

Eosinophils: An elevated eosinophil counts in sputum was defined as greater than 2% of the 

total cell count, whereas an elevated blood eosinophil counts was classified greater than 150 

cells/mL. This represents a good indicator of eosinophilic asthma associated with T2 

inflammation. However, it is important to note that blood eosinophils are not always reflect the 

number of eosinophils in the airway walls. Nevertheless, blood eosinophilia predicts response 

to therapeutic strategies such as anti-IL5, anti-IL-4/IL-13 and anti-IgE. High blood and sputum 

eosinophilia in individuals with adult-onset asthma has been associated with higher FENO 

values, the worst lung function with fixed obstruction.   

FENO: Airway epithelial cells and other airway resident cells are responsible for the production 

of FENO. According to the 2019 Global Initiative for Asthma guidelines, a FENO value greater 

than 25 ppb is indicative of residual T2 and eosinophilic inflammation.  However, several 

studies have shown limitations of this parameter.  

IgE levels: The presence of serum-specific IgE and a positive skin test to allergens is associated 

with atopy in asthma and differentiates allergic asthma from non-allergic asthma.    

Non-T2 asthma is independent of T2 inflammatory biomarkers, resistant to 

corticosteroids, and usually associated with adult-onset asthma as observed in obesity-

associated asthma, smoking-associated neutrophilic asthma and paucigranulocytic asthma (i.e., 

asthma occurring in the context of very low airway levels of neutrophilic and eosinophilic 
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inflammation) (Sze et al. 2020). Non-T asthma is a more severe form of asthma that is difficult 

to diagnose due to limited reliable biomarkers.  

Current studies suggest that neutrophilic asthma is defined as an increase in neutrophils to above 

60% or 76% in induced sputum. Paucigranulocytic asthma is defined as neutrophils < 76% and 

eosinophils < 3%, whereas mixed granulocytic asthma is defined as neutrophils > 76% and 

eosinophils > 3% (Yamasaki et al. 2022). 

The most relevant non-T2 biomarkers are airway neutrophilia and inflammatory 

cytokines and mediators such as IL-6 in sputum and serum IL-17 and YKL-40 in serum. IL-6 

mediated by Th17 is associated with the severity of asthma in patients with obesity (Peters et 

al. 2016). Neutrophils and sputum IL-17 were concomitantly associated with non-T2 asthma in 

obese patients. Moreover, patients with the steroid-resistant asthma phenotype had high plasma 

IL-17 levels (Chambers et al. 2015; Agache et al. 2010). Another potential non-T2 biomarker 

is YKL-40, a chitinase-like protein found to be associated with serum neutrophilia and asthma 

severity (Chupp et al. 2007; Lim et al. 2018).  

 

Figure 09: Biomarkers and associated indicators of asthma endotypes. The most 

predominants asthma are Type 2 high and non-type 2 (or type 2 low) endotypes. Blood and 

sputum eosinophil counts, FENO values, and specific serum IgE are the most described markers 

of T2 high asthma which is associated with Th2 cytokines (IL-4, IL-5 and IL-13), and innate 

epithelial cytokines (IL-25, IL-33 and TSLP) are other complementary markers. Periostin is 

also a good marker as well but it may be limited by asthma regiotype. Type 2 low asthma 

presents with predominant airway neutrophilia and pro-inflammatory cytokines such as (IL-6, 

IL-8 or IL-17) or as paucigranulocytic. It usually occurs in obese population, and as a result of 

smoking habits or after respiratory infection. Moreover, it can also be the result of psychological 

aspects such as intense anger, anxiety and depression (Breiteneder et al. 2020). 
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Other biomarkers have been identified that predict the risk of complications. For 

example, a defective upregulation of TLR2 and TLR4 on neutrophils was associated with 

delayed resolution of infection-induced asthma exacerbations (Ekstedt et al. 2020).  Sputum 

TNFR1 and TNFR2 are increased in severe asthma and correlate with worse lung function and 

uncontrolled asthma. Serum TNFR1 in increased in severe asthma. Further, sputum and serum 

TNFR2 are often associated with exacerbations (Zounemat Kermani et al. 2021).  

A multimorbidity signature of eight genes were systematically overexpressed in all 

types of multimorbidity of asthma: (CLC, EMR4P, IL-5RA, FRRS1, HRH4, SLC29A1, 

SIGLEC8 and IL1RL1). Eosinophil-associated immune response and signaling were enriched 

in the multimorbidity signature (Agache et al. 2021). 
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Recently, several signaling pathways have been identified for their contribution to 

asthma pathophysiology that may represent relevant therapeutic targets.  

Pathway Related molecules and actions 

- JAK-STAT 

- Adiponectin 

- Prostaglandin receptor 

 

- Type I interferon 

 

- Wnt 

 

- PI3K/AKT 

- JNK-Gal-7 

- Nrf2 

- Foxp3- RORγt 

- MAPK 

- NF-Κb 

 

- CysLT 

- cAMP 

- Fas 

 

- PTHrP/PPARγ 

- PAI-1 

 

- FcɛRI 

 

- Tim-3-Gal-9 

 

- TLRs 

 

- PAR2 

-  Keap1/Nrf2/ARE 

- Ca+ 

- IL-4, IL-5, IL-13, IL-31 and TSLP 

- AMPK and NF-κB 

- CRTH2 and LTB4 

- PRRs, TLR, RIG-I and MDA5  

 

- WISP-1 and WIF-1. Vit. D, 

glucocorticoid. 

- miRs 

- TGF-β 

- ROS 

- LncRs ceRs and miRs 

 

- IgE and IL-4 

 

- iNOS and COX-2 

 

- eosinophil degranulation 

 

- IL-4, 5, 13 and β2-AR 

 

- apoptotic Fas signaling: JNK, NF-kB, 

p38. nonapoptotic Fas signal: ERK1/ 

2 and p35 

- Leptin 

 

- PAI-1 t-PA, u-PA, ECM and remodeling 

 

- TSLP, IL-4, IgE and mast cell 

Degranulation 

 

- PI3K/Akt, Th1 apoptosis and 

inflammation  

 

- NF-κB, AP-1, IRF, SOCS1 

                  and MyD88 

 

- b-Arrestins, cAMP/PKA 

 

- CHD6, CBP, ARE 

- PLCb, ROCK, RhoA 

Table 03: Signaling pathways involved in asthma pathophysiology (Athari. 2019). 
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3. Mechanisms of asthma immune-pathogenesis   

The main changes to the airways that occur in asthma including smooth muscle 

contraction leading to airway narrowing, goblet cell hyperplasia and mucus hypersecretion 

causing reversible or fixed airway obstruction and potential tissue fibrosis leading to breathing 

difficulties, are most often a result of exaggerated immune cells in response to an allergen, 

pollutant or microbial infection. 

3.a) Type-2 high immune response  

In addition to its role as a physical barrier, the bronchial epithelial cells (BECs) orchestrate 

the initiation of the immune response during asthma pathophysiology. Upon stimulation with 

allergens such as HDM, due to their enzymatic activity can directly attack tight junction 

proteins, resulting in increased permeability. The “barrier endotype” is associated with all 

asthma phenotypes and is correlated with the severity of asthma (Papi et al. 2018). Furthermore, 

human BECs express a functional IL-5 receptor and its activation during allergy contributes to 

barrier dysfunction (Barretto et al. 2020).  

The release of IL-33, IL-25 and thymic stromal lymphopoeitin (TSLP) by BECs mainly 

in a TLR4/Myd88-dependent manner (Cayrol et al. 2018). The IL-33 receptor ST2, is among 

the most highly replicated susceptibility loci for asthma (Moffatt et al. 2010). Furthermore, IL-

33, IL-25 and TSLP were all increased in patients with asthma and correlates with asthma 

severity (Gasiuniene et al. 2019; Cheng et al. 2014; Ying et al. 2005). The ability of these 

alarmins in the establishment of allergic asthma resides in the activation of Th2 cells, 

eosinophils cells, DCs and ILC2 cells. 

Activation of IL-33 receptor ST2, IL-25R and TSLPR on the surface of ILC2 leads to cell 

proliferation and differentiation of ILC2 dependently on c-Myc activation and the release of 

IL-5, IL-13 and IL-9 (Ye et al. 2020). IL-33 further enhances ILC2 activation during allergy 

through the upregulation of PPAR-γ which in turn upregulates the IL-33 receptor ST2 (Xiao et 

al. 2021). Moreover, a positive feedback loop between IL-33 and TSLP fuels inflammation 

(Toki et al. 2020). ILC2 derived cytokines act directly on the epithelial barrier such as IL-5. 

The same result was shown for IL-13 when ex vivo ILC2 and human bronchial epithelial cells 

were co-cultured (Sugita et al. 2018).  

ILC2 supports the allergic response by promoting the of polarization of Th0 into Th2 

mainly by promoting the migration of DCs to the sentinel lymph node (SLN) through the 

secretion of IL-13 (Halim et al. 2014).  
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Epithelial-derived cytokines such as IL-33, TSLP, IL-1α and GM-CSF instruct a subset 

of conventional DCs known as type 2 SIRPα+ CD11b+ cDC2s, to polarize Th2 cells in (SLN) 

after antigen uptake (Hammad et al. 2021). In T2 high asthma patients, conventional CD1c+ 

DCs in the lung express FcεRI. Allergen binding to the IgE/FcεRI complex on DCs blocks the 

type I IFN release by pDC and facilitates allergen presentation to memory Th2 lymphocytes 

(Hammad et al. 2021). This may explain the increased susceptibility to viral infections in 

allergic asthma (Gill et al. 2018). Monocyte-derived DCs release a panel of chemokines 

including CCL13, CCL17, CCL18, and CCL24 leading to the accumulation of eosinophils and 

Th2 cells in the lung, but have no effect on Th2 cell differentiation (Plantinga et al. 2013), 

(Agache et al. 2021).   

After Th2 polarization, patients with allergic asthma can be further divided into type-2 

high and type-2 ultra-high with the major signaling signatures IL-4, IL-5, IL-13 and IL-9 (Peters 

et al. 2019), (Seumois et al. 2020). Similar to ILC2, Th2 cells express the ST2 receptor to 

response to the epithelial-derived cytokines IL-33 leading to activation of PPAR-γ. PPAR-γ 

pathway is essential for the pathogenesis of Th2 cells as it contributes to the secretion of Th2 

cytokines by upregulating the expression of the IL-33 receptor ST2 (Chen et al. 2017; Tibbitt 

et al. 2019). 

Local interaction of Th2 with B cells mainly through IL-4 and IL-13 induces IgE 

immunoglobulin class switching and production by B cells (plasmocytes), to promote bronchial 

hyperresponsiveness. IgE production occurs both in secondary lymphoid organs and also 

locally in the lung mucosa. IgE has a high affinity receptor FcεRI that is expressed on mast 

cells, basophils, eosinophils and also on local structural cells airway smooth muscle cells 

(ASM), epithelial cells and endothelial cells (Hammad et al. 2021).  

Degranulation of mast cells and basophils following IgE binding results in the release of 

histamine and other mediators such as tryptase, chymase prostaglandin D2 (PGD2), serotonin 

and Th2 cytokines (IL-4, IL-5, IL-13 and IL-9) (Hammad et al. 2021). One the one hand, it act 

on submucosal mucus and induce mucus hyperproduction by goblet cells. On the other hand, it 

will act on ASMs due to their expression of both the high affinity receptor FcεRI and the low 

affinity receptor CD23 leading to their proliferation and bronchoconstriction contributing to 

airway hyper-responsiveness (AHR) (Elieh Ali Komi & Bjermer. 2019). Furthermore, mast 

cell-derived serotonin acts on nerves to release acetylcholine, thus enhancing AHR (Agache et 

al. 2021).   
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IL-5 is the key cytokine that mediates the maturation of eosinophils maturation and 

mobilization from the bone marrow during allergic inflammation. During the early phase, ILC2-

derived IL-5 is the main eosinophils activator. Eosinophils are central to the pathogenesis of 

allergic asthma and mediate its regulatory functions through their ability to release cytotoxic 

proteins from their specific granules such as eosinophil cationic protein (ECP), major basic 

proteins (MBP 1 and 2), eosinophil peroxidase (EPX), eosinophil-derived neurotoxin (EDN) 

and lipid mediators from lipid bodies (leukotrienes, prostaglandins, platelet-activating factor 

(PAF). Furthermore, they can fuel the pro-allergic inflammation through potent secretion of 

(IL-2, IL-3, IL-4, IL-6, IL-13 and GM-CSF) (Novosad et al. 2023).  

Patients with asthma, have significant levels of galectin-10 (Gal10), a prominent 

cytoplasmic protein found in the primary granules of eosinophils (Nyenhuis et al. 2019). This 

protein forms Charcot–Leyden crystals (CLC). In a humanized mouse model, intratracheal 

administration of crystalline Gal10 was immunogenic and acted as an adjuvant of type 2 

inflammation (Persson et al. 2019). CLC were shown to induce NET in neutrophils (Gevaert et 

al. 2021), as well as Extracellular Eosinophil Traps (EET) in eosinophils (Persson et al. 2019) 

EETs are composed of mitochondrial and nuclear DNA decorated with cationic proteins (MBP 

and ECP) and Charcot–Leyden crystals and have the same function in defense against 

pathogens as NETs (Novosad et al. 2023). EET have the ability to license the lung epithelial 

cells to produce IL-33 and TSLP to further support the allergic responses (Hammad et al. 2021).  

During the late phases of asthma, eosinophils can represent a risk biomarker as they can 

be involved in tissue fibrosis stimulated by the actions of ECP, MBP, TGFβ, and IL-1 (Novosad 

et al. 2023).  
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Figure 10: cellular and molecular mechanisms governing T2 asthma. Injury to BECs by 

allergens, viruses and pollutants leads to loss of barrier integrity and the release of a series of 

alarmins (IL-33, IL-25 and TSLP). ILC2 cells express the specific receptors for these alarmins, 

leading to their activation and proliferation in a c-Myc dependent manner. ILC2-dereviend 

cytokines (IL-5, IL-13, IL-9) can acts on the EBC leading to further impairment of the epithelial 

barrier. On the other hand, ILC2 recruits eosinophils to lung tissue via IL-5. Besides IL-5, 

lysophosphattidylserine (LysoPS) induces eosinophils degranulation and EETs.CD1c+ myeloid 

dendritic cells (mDC) are also important contributors to the establishment of T2-high asthma. 

M DC migrate to secondary lymphoid tissues where they present allergen-antigen where they 

participate in Th2 polarization, further enhancing IL-5, IL-4 and IL-13 secretion. In turn, Th2 

cells stimulate IgE production by B cells and the subsequent activation and degranulation of 

mast cells and basophils following FcεRI receptor activation. Th2 cytokines and mast-cell 

mediators will set up the hallmark features of asthma: (IL-4 / serotonin: AHR, IL-13: goblet 

cell hyperplasia and mucus hypersecretion, IgE: airway smooth muscle proliferation and 

bronchoconstriction) (Agache et al. 2021).     
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3.a.1) Mucus production in Th2-high asthma 

Excessive production of mucus-forming plugs can impair gas exchange and is an important 

risk factor for asthma exacerbations and mortality. Classically, mucus metaplasia results from 

increased production and storage of mucins, especially MUC5AC in preexisting secretory cells, 

including club cells. Patients with Th2-high asthma exhibit increased levels of MUC5AC 

mRNA within bronchial epithelial cells compared to Th2-low asthma or healthy individuals 

(Woodruff et al. 2009). Mucus production is mainly driven by IL-13 pathway. However, the 

EGFR pathway may also be involved (Erle et al. 2014).  

o IL-13 signaling pathway  

The IL-13 receptor is a heterodimer composed of IL-13Rα1 and IL-4Rα subunits. IL-13 

binding leads to activation of Jak kinases associated with the cytoplasmic domain of the 

receptor and subsequent phosphorylation of signal transducer and activator of transcription 6 

(STAT6).  

Upon IL-13-dependent STAT6 activation, three dependent-pathway are triggered: CLCA1-

dependent pathway, Serpin-dependent pathway, and 5-lipoxygenase-1–dependent pathway 

(Erle et al. 2014; Athari et al. 2019).   

The calcium-activated chloride channel 1 (CLCA1), (does not function as an ion channel 

despite its name) is secreted and cleaved extracellularly. Following the binding to its putative 

receptor, CLCA1 can induce MUC5AC expression via activation of the MAP kinase MAPK13 

(p38δ-MAPK). A second pathway involves the protease inhibitor Serpin3a, the mouse 

orthologue of human SERPINB3 and SERPINB4. Both of these pathways converge toward 

increased expression of the SAM-pointed domain–containing Ets-like factor (SPDEF). SPDEF 

directly regulates mucin gene transcription through the inhibition of the expression of a FOX 

family gene, FOXA2. The importance of FOXA2 was demonstrated when experimental 

deletion of FOXA2 in epithelial cells during fetal development was sufficient to induce IL-13 

production and Th2 inflammation in the airway (Chen G et al. 2010).  

In the third IL-13-dependent mechanism, STAT6 increases 15-LO-1 which in turn converts 

arachidonic acid to 15-hydroxyeicosatetraenoic acid, which was shown to enhance MUC5AC 

expression in human airway epithelial cells.  

Later, it was found that phosphorylated STAT6 can directly bind to and activate the 

MUC5AC promotor region (Wang X et al. 2017).  
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Figure 11: IL-13-STAT6-dependent mechanisms of mucus production. Upon IL-13-

dependent STAT6 activation in mucus cell progenitors, like club cells, three dependent-

pathway are triggered: CLCA1-dependent pathway, Serpin-dependent pathway, and 5-

lipoxygenase-1–dependent pathways. STAT6-dependent activation of CLCA1 and Serpin 

converge to increase the expression of the pivotal SPDEF. In turn, SPDEF indirectly regulates 

mucin production through inhibition of FOXA2 expression. The third pathway involves the 

metabolic production of 15-hydroxyeicosatetraenoic acid by 15-LO-1 in the presence of 

arachidonic acid. 15-hydroxyeicosatetraenoic acid in turn, enhance MUC5AC expression (Erle 

et al. 2014).   

 

Following activation of EGFR by its numerous ligands bindings (EGF, TGF-α, heparin-

binding EGF, β-cellulin, amphiregulin, epiregulin), the downstream activation of the Ras–Raf–

MEK1/2–ERK1/2 pathway ultimately leads to the expression of MUC5AC via the Sp1 

transcription factor (Athari et al. 2019).  

 

.  
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3.b) Non type-2 immune response  

Non or low-type 2 asthma is defined by the absence of the three fundamental type 2 

asthma biomarkers (Blood and sputum eosinophilia, increased FeNO and elevated serum IgE). 

The best identified mechanism explaining the type-2 low phenotype is related to IFN-, TNF- 

and inflammasome-associated genes and sputum neutrophil increase identified by Kuo et al in 

a transcriptome associated cluster (TAC) study. This cluster of patients is referred to as 

“neutrophilic asthma “(TAC2 in this study) (Kuo et al. 2017).   

Several studies have found a link between neutrophilic inflammation and development 

of severe asthma or asthma exacerbations (Jatakanon et al. 1999; Gibson et al 2001). HDM is 

one of the most clinically relevant aeroallergen involved in the development and exacerbation 

of allergic asthma, with 90% of cases of childhood asthma due to HDM. In a study, patients 

with positive serum HDM-specific IgG correlated with sputum neutrophils and also had 

elevated levels of serum enolave. In the same study, HDM-derived enolase induced barrier 

disruption in a mouse model. Further strengthening the involvement of neutrophils in severe 

forms of asthma (Lin et al. 2021).     

According to the 2021 international asthma guidelines (GINA), severe asthma is defined 

as asthma that is uncontrolled despite high-dose ICS long-acting beta, or that requires high-

dose ICS-LABA to remain controlled (Agache et al. 2021). This might be explained in part by 

the observation that glucocorticoids enhance the survival of neutrophils, which express 

constrictively glucocorticoid receptor β (GRβ) (Strickland et al. 2001; Saffar et al. 2011).  

In neutrophilic asthma phenotype, the main cytokines involved are IL-17, IFNγ, IL-8 

and IL-6 together with TSLP, IL-25 and IL-33, which are released by injured epithelial barrier 

as it can occur after chronic exposure to benzo(a)pyrene or diesel exhaust particles. This 

combination was shown to drives steroid resistance (Agache et al. 2021).  

Neutrophil counts and IL-8 in patients with asthma were correlated with IL-17 m RNA 

levels. Besides, IL-17 release was increased in sputum and bronchial biopsies from patients 

with severe asthma. IL-17 induces GRβ on epithelial cells in patients with asthma, which may 

be involved in corticosteroid resistance, suggesting an important role of IL-17 in neutrophilic 

exacerbation of asthma (Yamasaki et al. 2022). However, a mouse model using c-di-GMP as 

an adjuvant resulting in an asthma model with high lung eosinophils counts, low T2 response, 

and elevated IFN-γ and IL-17 with signs of AHR showed that the contribution of IFN-γ was 

more important than the contribution of IL-17 in the development of asthma features. 
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Furthermore, a clinical trial targeting the IL-17 pathway failed to attenuate asthma features 

(Hammad et al. 2021).  

Several reports indicate that neutrophils have an effect on severe asthma through the 

release of NETs and extracellular DNA (e-DNA). In a clinical study, Lachowicz-Scroggins et 

al. found a correlation between e-DNA and neutrophils, soluble NETs components and 

increased caspase-1 activity and IL-1 in the sputum of patients with asthma. Furthermore, they 

showed that patients with high e-DNA had lower asthma control despite the frequent use of 

corticosteroids and frequent history of mucus hypersecretion (Lachowicz-Scroggins et al 2019).  

A group of researchers has shown in two independent studies that NETs induced by 

rhinovirus infection or low-dose microbial exposure promote the development of type-2 high 

asthma (Toussaint et al. 2017; Radermecker et al. 2019).  

On the other hand, a study has reported the coexistence of Th17-high signature with 

Th2-high signature in cluster of patients with asthma (Hammad et al. 2021). This might be 

partly explained by the finding that IL-17 induces eotaxin expression in human airway smooth 

muscle cells. Several studies reported the coexistence of neutrophils and eosinophils in severe 

asthma. Moreover, patients with mixed granulocytic endotype show a rapid decline in 

respiratory function (Yamasaki et al. 2022).  
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Figure 12: Cellular and molecular mechanism governing T2-low neutrophilic asthma. 

Pollutants as diesel exhaust particles (DEP) and benzo(a)pyrene, cigarette smoke or even 

allergens as HDM can damage the airway epithelial and trigger TSLP, IL-25 and IL-33 release. 

TSLP can drives polarization of Th17 cells and their subsequent release of IL-17. IL-17 can 

instruct epithelial cells to the release of IL-8 and GM-CSF for neutrophils chemotaxis. The 

Th17/IL-17 axis is widely found in obesity- and smoking habits-related severe neutrophilic 

asthma, as well as in microbiome associated neutrophilic inflammation. Neutrophilic asthma is 

associated with the increased activation of ILC1 and ILC3 as contrast to the involvement of 

ILC2 in T2-high asthma. Pollutants contributes to the recruitment of pro-inflammatory M1 

macrophages, NKT cells and cytotoxic T cell (CTL) in lung tissue. The most prominent 

signature found in this asthma phenotype/endotype is NLRP3 inflammasome signature, 

DAMPS such as (HMGB1 and S100A8/A9 protein and NETs formation (Yamasaki et al. 2022).     
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Chapter II: Regulation of innate immunity by cell death. 

In order to prevent deleterious immune responses that can cause pathology, activated 

immune cells must be eliminated soon after completing their duty, and infected cells tend to 

undergo “suicide” to prevent the spread of pathogens (Nagata & Tanaka. 2017). Hence, cell 

death is an important aspect regulating the innate immune system. 

1. Cell death classification  

The Nomenclature Committee on Cell Death (NCCD) defined a precise nomenclature, and 

has formulated guidelines for the definition of cell death from the morphological and molecular 

mechanisms involved. Currently, cell death can be fundamentally divided into accidental cell 

death (ACD) and regulated cell death (RCD), based on functional aspects (Galluzzi et al. 2018). 

ACD is the unexpected, instantaneous and catastrophic cell death corresponding to the 

disassembly of the plasma membrane caused by severe physical, chemical or mechanical insults 

(high pressures, temperatures, osmotic forces, extreme pH variations, shear forces) that 

submerge any possible control mechanisms (Tang et al. 2019). This form of cell death will not 

be discussed in this document.  

By contrast, RCD involves precise signaling cascades and has functional and 

immunological consequences and hence can be pharmacologically or genetically modulated. 

RCD is involved in two opposed scenarios: first, RDC occurs in strictly physiological context 

in the absence of any perturbation of the homeostasis or cell stress, and hence operates as a 

physiological program for development or tissue turnover. This form of RDC is referred to as 

programmed cell death (PCD) (Fuchs et al. 2011). Second, RDC can occur under severe and 

prolonged perturbations of the intracellular or extracellular microenvironment leading to the 

inevitable failure of the cell to cope with stress and restoring homeostasis (Galluzzi et al. 2015) 

RDC can be classified into multiple subgroups based on the signaling pathways involved, 

referred to as apoptotic or non-apoptotic RDC such as necroptosis, pyropotosis and NETosis, 

or other less well-studied RDC such as ferroptosis, entotic cell death, parthanatos, lysosome-

dependent cell death, autophagy-dependent cell death, alkaliptosis, and oxeiptosis, which may 

be specific responses to toxins that do not reflect normal physiology (Galluzzi et al. 2018).  
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Figure 13: Regulated cell death (RDC) subgroups. Under extreme and irreversible 

intracellular or extracellular perturbation, cells can activate one or multiple signal transduction 

cascades that exhibit considerable cross-talk modalities leading to their elimination. Each type 

of these RCD has a specific immunomodulatory profile ranging from anti-inflammatory to pro-

inflammatory and immunogenic. ADCD: autophagy-dependent cell death, ICD: immunogenic 

cell death, LDCD: lysosome-dependent cell death, MPT: mitochondrial permeability transition 

(Galluzzi et al. 2018). 

 

Historically, Kerr, Wyllie and Currie were the first research group to observe a specific 

type of cell death in human tissue in which the cells and nuclei became condensed and 

fragmented: they named it “Apoptosis” and reported a physiological role for it (Kerr, Wyllie, 

& Currie. 1975). Around 30 years later, Brad Cookson and coworkers reported a type of cell 

death dependent on caspase & (CASP1) in macrophages infected by salmonella or Shigella, 

accompanied by IL-1β production formerly known as “leukocytic pyrogen”, which later 

inspired the name “pyroptosis” (Brennan & Cookson. 2000; Fink & Cookson. 2005). 

Morphologically, pyroptosis is characterized by chromatin condensation (pyknotic nuclei) and 

cell swelling with membrane bubbling and rupture. During the same era, Arturo Zychlinsky’s 

group, paying particular attention to neutrophils, discovered their fascinating and “altruistic” 

ability to generate extracellular traps, first upon exposure to phorbol myristate acetate or IL-8, 

then upon exposure to microbes leading to their own death to prevent microbial spread 

(Brinkmann et al. 2005). Almost simultaneously, in 2005, Yuan and collaborators contributed 

to the understanding of necroptosis, which had already started in 1996 (Ray et al. 1996), by 

focusing on the molecular mechanisms behind it (Degterev et al. 2005). The discovery of RPIK1 
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as a regulator of FasL-induced necroptosis has further improved our understanding of this RCD 

(Holler et al. 2000) 

The observation that cell death may alert the immune system to respond to DAMPs released 

by dead cells gave rise to the term “immunogenic cell death (ICD)” introduced by Guido 

Kroemer in 2005, in significant contrast to physiological “silent” efferocytosis in which dead 

cells are cleared by macrophages without any immune response (Casares et al. 2005). Since 

then, the field has progressed and several other highly interconnected signaling pathways that 

regulate RCD have been characterized and are still the subject of intensive research. 

 

Figure 14: Timeline of the history of cell death research in immunology (Tang et al. 

2019)  

1.a) Apoptosis 

   Apoptosis is a PCD, long believed to be the only molecularly controlled type of cell 

death. Apoptosis can take 16-24 hours or even days from initiation to complete destruction of 

the cell but parameters like the strength of the stimuli, cell type or variation in the inducing 

mechanisms can shorten this period (Collins et al. 1997; Rehm et al. 2002). Mechanistically, 

apoptosis is governed by two main pathways that contribute to the caspase activation cascade: 

the intrinsic and extrinsic pathways (Nagata & Tanaka. 2017).  

The intrinsic pathway, also called “mitochondrial pathway” is triggered by an imbalance 

in intracellular homeostasis such as growth factor/nutrient deprivation, DNA damage or ER 

stress, and involves proapoptotic proteins the BCL-2 family such as BAX and BAK which form 

pores in the mitochondrial membrane causing mitochondrial outer membrane permeabilization 

(MOMP), and release of cytochrome C in the cytosol. The latter binds and promotes the 

polymerization of APAF-1 containing a CARD domain that interacts with the CARD domain 

of the apoptosis initiator pro-caspase-9 to form the apoptosome (Acehan et al. 2002). Within 

this massive complex, caspase-9 becomes activated and cleaves pro-caspase-3 and pro-caspase-
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7 unveiling their apoptotic executioner functions. Once activated, caspase-3 and caspase-7 

activate several other procaspases (caspase-2, -6, -8, and -10) creating an apoptosis-amplifying 

cascade (Slee et al. 1999). Proteins of the IAP family (IAP1/2 and XIAP) can inhibit caspase-

3, 7 and -9 activation (Bertheloot et al. 2021). Conversely, caspase-3 has the capacity to process 

caspase-9 into a p10 fragment lacking the XIAP docking domain, further promoting apoptosis 

(Slee et al. 1999). A fine balance of expression levels of pro or anti-apoptotic BCL-2 family 

regulates sensitivity or resistance to apoptosis.   

The extrinsic pathway, also known as “death receptor-mediated apoptosis”, is initiated 

by the activation of death receptors triggered by the environment, the immune system, or 

neighboring cells (Galluzzi et al. 2018). Pro-apoptotic death receptors include TNFR1/2, Fas 

and TRAIL receptors DR4 and DR5 recognizing their ligand (TNFα, FasL or TRAIL, 

respectively) (Ketelut-Carneiro & Fitzgerald. 2022). This event leads to the recruitment of 

adaptor proteins TRADD and FAS-associated protein with dead domains (FADD). Both 

adaptors contain death domains (DD), that are also present in caspase-8 and are involved in the 

recruitment of pro-caspase-8 and -10 to form the death inducing signaling complex (DISC) 

(Boatright et al. 2003; Kischkel et al. 1995). Activation of caspase-8 within the DISC leads to 

the activation of executioner caspase-3 and caspase-7, either directly through proteolytic 

cleavage, or indirectly by activating BCL2 protein family member BID, which promotes 

MOMP and generates feedback into the intrinsic pathway to execute apoptosis (Bertheloot et 

al. 2021). In some type II cells (such as hepatocytes) the extrinsic pathway may be insufficient 

and the amplification loop via MOMP may be necessary to execute cell death (Kalkavan et al. 

2018).   

Extrinsic apoptosis is also regulated by receptor-interacting serine/threonine protein 

kinase (RIPK)1, which interacts with FADD and TRADD through binding to their death 

domain. At an early stage of activation, RIPK1 is ubiquitinated into the DISC by cellular 

inhibitors of apoptosis (cIAPs) and can promote a pro-inflammatory, pro-survival NFκB 

signaling pathway. Sustained cellular stress will allow the activation of pro-caspase-8 within 

the complex and triggers pro-death pathway. In the absence of active caspase-8, RIPK1 induces 

death through necrosis (Bertheloot et al. 2021).    
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 Figure 15: The two major apoptotic pathways. The intrinsic pathway is initiated by a 

developmental or cellular stress that activates the B cell lymphoma 2 homology 3 (BH3)-only 

proteins (such as BID, BIM and PUMA) which lead to the assembly of the effector of apoptosis 

BAX and BAK, which assemble into large complexes causing mitochondrial outer membrane 

permeabilization (MOMP) and the release of cytochrome C from mitochondria. Cytochrome C 

binds the apoptotic peptidase-activating factor 1 (APAF-1) to recruit pro-caspase-9 forming the 

apoptosome initiating the caspase processing cascade. In extrinsic pathway, the engagement of 

death receptors such as TNFR and FAS recruits pro-caspase-8 through their intracellular 

adaptor protein (TRADD/FADD) to form the death signaling complex (DISC) which 

encompasses adaptor FADD/TRADD, RIPK1 and pro-caspase-8 and FLIP, the latter limits 

caspase-8 activation within the DISC. When anti-apoptotic signals are superior to pro-apoptotic 

signal, the cellular inhibitor of apoptosis (cIAPs) ubiquitinates RIPK1 and stabilizes the DISC 

leading to NFκB activation and survival. Conversly, a sustained cellular stress induces the 

proteolytic activation of caspase-8 in the DISC leading to downstream caspase cascade that is 

known to involve caspase-3 and -7.  Apoptotic cells release “ghost messages” via the release of 

nucleosomes, shed receptors to block the intracellular signaling and expose PtdSer molecules 

on the outer plasma membrane of the apoptotic bodies (ApoEVs) as “eat me signals” for 

phagocytes (Bertheloot et al. 2021).   

 

 Intrinsic and extrinsic apoptosis share common pathway components such as the 

activation of caspase-3 and -7, which represents the point of no return in apoptosis. They also 

activate scamblase XKr8 and result in the exposure of PtdSer on the outer layer of the cell 

membrane, known as the “eat me signal”.  Surface PtdSer on apoptotic extracellular vesicles 
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(ApoEVs) promotes the recruitment of phagocytic cells for the clearance of apoptotic cell and 

the expression and secretion of TGF-β by these phagocytes, thus underlying the 

immunosuppressive function of PtdSer (Suzuki et al. 2010; Suzuki et al. 2013; Hoffmann et al. 

2005). Furthermore, apoptotic cells shed cell surface proteins under the action of 

metalloproteinases (ADAM10/17) to detach from their site in the tissue and block signaling in 

the dying cells. Another recently discovered signature is the release of nucleosome components, 

which distinguishes apoptosis from other forms of cell death (Tanzer et al. 2020).  

 

1.b) Pyroptosis   

Pyroptosis is a form of GSDMD-mediated RCD that occurs in both inflammasome-

dependent and independent manner, culminating in the rapid loss of plasma membrane integrity 

and spilling of intracellular contents (Shi et al. 2015). Activation of the inflammasome 

including canonical and non-canonical types requires two signals: A priming signal, mediated 

by the engagement of toll-like receptors (TLRs) or IFN receptors to induce a transcriptional 

upregulation of inflammasome components through the NFκB pathway. A sensing signal where 

a variety of PAMPS and DAMPS activate inflammasome sensors and trigger pro-inflammatory 

caspase-mediated pyroptosis.  

 

Figure 16: Canonical and noncanonical pathways of pyroptosis. In the canonical pathway, 

when NRLP3 detects the presence of PAMPs or DAMPs, it recruits the apoptosis-associated 

speck-like protein containing (ASC) to form a multiprotein complex (inflammasome) that 

serves as a proteolytic platform to cleave pro-caspase-1. Active caspase-1 cleaves the preforms 
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of IL-1β and IL-18. Active caspase-1 also cleaves gasdermin D (GSDMD) into a 31 kDa N-

terminal GSDMD that serves as a pore forming protein that controls IL-1β and IL-18 release 

and pyroptosis. In the noncanonical pathway, cytosolic LPS activates caspase-11/4/5, triggering 

pyroptosis by cleaving GSDMD independently of inflammasome activation. Caspase-11 does 

not permit the release of mature IL-1β and IL-18. Instead, K+ efflux induced by the formation 

of GSDMD pore lead to NLRP3 inflammasome activation and caspase-1 maturation of IL-1β 

and IL-18. Other gasdermin family members can drive pyroptosis such as GSDME which can 

be cleaved by caspase-3 when the cell is subjected to stress, inducing mitochondrial dysfunction 

or engagement of cell death receptors (Ketelut-Carneiro & Fitzgerald. 2022). 

 

Canonical pathway: Canonical caspase-1 dependent inflammasome sensors can be 

divided into NOD-like receptors (including the NLR family pyrin domain-containing 1: 

NLRP1, NLRP2, NLRP3, NLRP6, NLRP7 and the NLR family CARD domain-containing 4: 

NLRC4) and the non-NLR such as the absent in melanoma 2 (AIM2) (Tang et al. 2019). Upon 

PAMPS or DAMPS detection, these sensors assemble with ASC and pro-caspase-1. ASC 

contains both a pyrin domain (PYD) and a caspase activation and recruitment domain (CARD), 

with the latter being crucial in mobilizing pro-caspase-1 to form the inflammasome, a cytosolic 

multiprotein complex responsible for caspase-1 cleavage (Yu et al. 2021). NLRP3 is the best 

studied inflammasome sensor: it can detect diverse stimuli, including lipopolysaccharide (LPS), 

metabolites, uric acid crystals, nucleic acids from microbial or host origin and adenosine 

triphosphate (ATP) (Swanson et al. 2019; Tang et al. 2019). Activated caspase-1 allows the 

processing of gasdermin D (GSDMD) into a 22 kDa C-terminal (C-GSDMD) and 31 kDa N-

terminal (N-GSDMD), which canoligomerize and perforate the cell membrane to form large 

transmembrane β-barrel pores of around ~10–14 nm (Lieberman et al. 2019; Yu et al. 2021). 

Further, caspase-1 cleaves the pro forms of IL-1β and IL-18. At an early stage, GSDMD pores 

allow the release of mature forms of IL-1β and IL-18, which recruit immune cells and elicit an 

inflammatory response. Before the complete loss of membrane integrity, ESCART-dependent 

membrane repair pathway limits to a certain extent the release of the whole cellular content 

while allowing cytokine release (Bertheloot et al. 2021). The polybasic motif found in mature 

IL-1β enables its relocation to a plasma membrane region enriched with PIP2 phospholipids. 

Once there, IL-1β can be released through membrane ruffling independently of GSDMD. In the 

same context, IL-1β can also be encapsulated into secretory lysosomes, into ectosomes and 

exosomes, or released with secretory autophagosomes (Monteleone et al. 2015). In more 

advanced stages, ESCART can become overwhelmed and full permeabilization occur, allowing 

DAMPS release such as high mobility group box 1 (HMGB1) which is too large to pass through 

GDMD pores (Volchuk et al. 2020). ASC specks can also be released from dying cells and 
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accumulate in tissues or remain in the bloodstream for several days, amplifying thus the 

inflammation (Franklin et al. 2014).          

Non-canonical pathway: In the absence of caspase-1 activation, GSDMD is directly 

targeted for cleavage. Cytosolic activation of murine caspase-11 and human caspase-4 and -5 

by LPS from invading Gram-negative bacteria can cleave GSDMD to N-GSDMD, which can 

oligomerize and form plasma membrane pores, mediating pyroptosis without enabling 

maturation of IL-1β and IL-18 (Shi et al. 2015). Guanylate-binding proteins (GBPs) are 

essential for LPS-dependent activation of caspase-11 and -4. LPS activation of TLR4 triggers 

the expression GBPs, which then bind to LPS to form a multimolecular complex with caspase-

11 and -4 allowing their activation (Santos et al. 2018; Bertheloot et al. 2021). Several reports 

have highlighted the interplay between the canonical and non-canonical pyroptosis pathways. 

Indeed, caspase-11, -4, -5 dependent cleavage of GSDMD leads to K+ efflux, which induces 

the activation of NLRP3 inflammasome, thereby enhancing pyroptosis (Rathinam et al. 2012; 

Baker et al. 2015).  

Absence of GSDMD in murine macrophages does not prevent membrane destabilization 

as measured by lactate dehydrogenase release (Kayagaki et al. 2015). This finding indicates 

that GSDMD is not exclusive in the membrane disruption step. Other members of the gasdermin 

family (such as GSDMA/B/C/E and GSDMA3) may exert comparable roles to GSDMD in pore 

formation and membrane destabilization (Ding et al. 2016). Upon mitochondrial dysfunction 

or death receptor activation, caspase-3 is activated and plays a role in GSDME-mediated 

pyroptosis (Wang et al. 2017). Moreover, under specific conditions in breast cancer, upon TNF-

α stimulation, caspase-8 specifically targets GSDMC to release N-GSDMC, leading to pore 

formation on the cell membrane, which triggers pyroptosis (Hou et al. 2020). In 2020, advances 

in the field have challenged the conventional understanding that caspases are the only activators 

of pyroptosis (Yu et al. 2021). Zhang and collaborators found that granzyme B (GzmB) directly 

cleaves GSDME to induce pyroptosis in cancer cells (Zhang et al. 2020). Simultaneously, Zhou 

et al showed that NK cells and cytotoxic T lymphocytes (CTLs) exert their cytotoxic effect by 

relesing GzmA to specifically cleave and activate GSDMB leading to pyroptosis in targeted 

cells (Zhou et al. 2020). The molecular events of pyroptotic cell death occur rapidly within few 

minutes (De Vasconcelos et al. 2019). 
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1.c) Necroptosis  

Necroptosis, is a non-caspase-dependent RCD, in which RIPK1, RIPK3 and MLKL 

(Mixed Lineage Kinase domain-Like protein) are the key molecules of the necroptotic 

machinery (Galluzzi et al. 2017; Zhan et al. 2021). In striking contrast with apoptosis, deletion 

of major necroptosis players RIPK3 or MLKL has no effect on development and homeostasis 

(Shan et al. 2018). It is apparent that necroptosis is a backup mechanism that has evolved to 

detect pathogens or challenging conditions a cell can face.  

The most extensively described necroptosis triggering pathway occurs following the 

engagement of TNFR1 activated by TNFα (Galluzzi et al. 2017; Zhan et al. 2021). Downstream, 

active RIPK1 is recruited and form an oligomeric complex with FADD, caspase-8 and -10. 

When caspase-8 activity is inhibited by caspase inhibitors such as Z-VAD-FMK or by the 

depletion of FADD, RIPK1 attracts RIPK3 via interactions between their RIP homotypic 

interacting motif (RHIM), leading to the formation of the hetero-amyloid complex 

RIPK1/RIPK3 (Vercammen et al. 1998; Mompeán et al. 2018) called “ripoptosome” and 

RIPK3 autophosphorylation. MLKL is then recruited and phosphorylated to the “necrosome” 

ultimately leading to necroptosis.  

 

Figure 17: Necroptosis pathway: “Apoptosis, I Got Your Back!”. Following the activation 

of the death receptor TNFR1, RIPK1 allow the formation of complexe I comprising RIPK1, 

TRADD, FADD, TARF and cIAP. Within this complexe, ubiquitination of RIPK1 promotes 

cell survival, while RIPK1 desubiquitination promotes the dossciation of RIPK1-TRADD from 

compex I. When Caspase-8-FADD are available, they are recruited to RIPK-TARDD to initiate 

apoptosis. However, when apoptosis is blocked, RIPK1 recruits RIPK3 to form the ripotosome, 



59 
 

allowing phosprylation of RIPK3 and the subsequent recruitment of MLKL leading to the 

formation of the necrosome-dependent necrosis. RIPK3 can be alternatively and directly 

activation following engagement of TLR4 receptors, leading to RIPK3-RIPK3 homo-

dimerization, autophosphorylation and subsequent recruitment of MLKL. Phosphorylation 

events of MLKL induces their conformational change allowing their insertion in the plasma 

membrane to initate osmotic perturbations and cell lysis (Ketelut-Carneiro & Fitzgerald. 2022).  

  

Wu and collaborators have demonstrated that the RIP1–RIP3 heterodimer itself is not 

sufficient to propagate necroptosis. RIPK1/RIPK3 heterodimerization only serves as a 

plateform that allow the recruitment of free RIPK3 by RIPK3 itself, leading to their 

autophosphorylation into the scaffold, since downstream necroptosis signaling is triggered by 

the homodimerization of RIP3-RIP3 but not of RIP1–RIP1 or RIP1– RIP3; this is explained by 

a higher affinity of RIPK1 for RIPK3 than directly RIPK3 for RIPK3 (Wu et al. 2014). 

Therefore, high levels of intracellular RIPK3 are critical for the initiation of necroptosis 

(Ketelut-Carneiro & Fitzgerald. 2022). 

 

Figure 18: Proposed signaling events within the necrosome. High levels of RIPK3 is a 

determinant factor for the initation of necroptosis. The high affinity of RIPK1 for RIPK3 

allow its recruitement within the ripotpsosme for the formation of RIPK1-RIPK3 

heterodimers. This latter serves as a scaffold for the recruitement of free RIPK3 by RIPK3 

responible for their auto-phosphorylation and recruitement of MLKL leading to the 

formation of the necrosome (Wu et al. 2014).   

  

Other receptors can trigger necroptosis including Fas/FasL, TLR3/TLR4, and nucleic acid 

sensors (ZBP1, RIG-I and STING) (DAI et al. 2021; Upton et al. 2012; Schock et al. 2017). 

These later promote TNFα and IFN-I production, thus amplifying necroptosis in an autocrine 

manner (Brault et al. 2018). RIPK1 can be dispensable to RIPK3-MLKL dependent necroptosis 
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downstream of TLR3/4 activation which may promote RIPK3/RIPK3 homo-complex 

formation (He et al. 2016; Ketelut-Carneiro & Fitzgerald. 2022). Moreover, RIPK3 can be 

directly targeted by certain virus promoting its binding to ZBP1 to drive necroptosis (Upton et 

al. 2012; Huang et al. 2015).  

RIPK3-dependent phosphorylation of MLKL causes its oligomerization, which 

subsequently disturbs cellular integrity through two non-exclusive mechanisms as a last step: 

first, MLKL inserts into the plasma membrane through its ability to bind PIPs and functions as 

a cation channel permeable to both K+ efflux and Na+ influx leading to an increase in cellular 

osmolality and cell swelling. Second, the N-terminal coiled-coil domain of MLKL forms 

membrane-disrupting pores to disrupt membrane integrity and kill the cell (Zhang et al. 2018). 

MLKL activation and plasma membrane trafficking can take approximatively 4.5 hours. This 

process can continue until 7.5 hours after initial necroptosis stimulation, allowing sufficient 

time to MLKL clusters to increase in size, leading to cell explosion and the spill of DAMPs, 

including self-DNA (Samson et al. 2020).  

 

1.d) NETotic cell death: Neutrophils extracellular traps (NETs).   

In addition to the classical RCD described above, cell death by NETosis is also a form 

of lytic RCD dependent on ROS and associated with extracellular chromatin extrusion (Galluzzi 

et al. 2018). The NETotic process is restricted to hematopoietic cells such as eosinophils, 

dendritic cells, monocytes, macrophages, mast cells, basophils T cells and B cells, but the first 

and most extensively studied cells forming neutrophil extracellular traps (NETs) are 

neutrophils, which inspired the term of “NETosis” described for the first time in pathogen 

killing (Brinkmann et al. 2004).    

1.d.1) Neutrophil intrinsic pathway initiating NETs 

Production of ROS via NADPH oxidase is crucial during NETosis (Poli & Zanoni. 

2023). In inactive neutrophils a fraction of MPO is linked to NE in the azurosome. Upon 

stimulation by some NET inducers, ROS modulate the release of MPO and NE into the cytosol. 

When NE is released, it binds F-actin and facilitates its degradation. This step serves to 

immobilize neutrophils near the microbes that need to be trapped and blocks phagocytosis 

committing the cell to NETosis (Metzler et al. 2014).  

DNA extranuclear extrusion requires chromatin decondensation. This step is supported 

by NE and MPO, which associate with each other prior to nuclear translocation, where they 
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initiate the chromatin decondensation process. ROS also participate in the Peptidyl Arginine 

Deiminase 4 (PAD4) activation, a key calcium-dependent enzyme in NETs formation 

(Papayannopoulos. 2018; Lewis et al. 2015), which catalyzes the conversion of arginine 

residues to citrulline on histones H3, H4 and H2A, another mechanism helping chromatin 

decondensation and DNA extrusion (Nakashima et al. 2013). The level of activation of PAD4 

is important in the context of sterile inflammation, however, it is important to note that DNA 

decondensation can occur in the absence of histone citrullination by PAD4, in which case MPO 

and NE directly support the decondensation process (Papayannopoulos et al. 2010). Indeed, 

PAD4 was demonstrated to be dispensable for NET release in PAD4-deficient neutrophils 

stimulated with group B Streptococcus or C. albicans (Thiam et al. 2020). Other enzymes 

contained in the azurosome, such as cathepsin G or proteinase 3 and defensin-1 were shown to 

participate in the formation of NET.  

Kinases activated downstream of increased calcium influx that occurs after neutrophil 

activation or cytokine signaling pathways have been implicated in the early steps of NADPH 

oxidase pathway that drives ROS production and NETosis (Thiam et al. 2020).  Protein kinase 

C (PKCα, PKCβ1, PKCξ), AKT and the RAF-MEK-ERK MAP kinase mediate PMA-, platelet 

activating factor-, C. albicans-, and group B Streptococcus-induced NETosis. PI3K involved 

in autophagy also uncovered a role for NETosis, thus revealing the existence of a cross-talk 

between autophagy and NETosis. Indeed, in the absence of ATG7 promyelocytes presented a 

reduced capacity of extracellular DNA release (Ma R. et al. 2016). However, the requirement 

for each pathway depend on the NET inducer.   

1.d.2) Innate immune pathways initiating NETs   

The observation that the absence or inhibition of GSDMD led to the prevention of NET 

formation, confirmed the critical role of GSDMD, activated downstream of canonical and non-

canonical inflammasome activation (Sollberger et al. 2018). A study demonstrated that 

neutrophils exposed to cytosolic LPS or cytosolic Gram-negative bacteria activated NETosis 

via caspase-11 cleavage of GSDMD (Chen et al. 2018). Cleaved GSDMD forms pores in the 

granules to release NE, which will itself participate in the proteolytic activation of GSDMD on 

a different cleavage site from that of caspases (Sollberger et al. 2018; Kambara et al. 2018). 

Pores can also be formed in the nuclear membrane to allow caspase-11 to act on histone 

fragmentation and DNA extrusion (Chen et al. 2018). Furthermore, in the context of sterile 

inflammation both in vivo and in vitro, Münzer and collaborators recently demonstrated a 

PAD4-dependent assembly of NLRP3 inflammasome in neutrophils: PAD4 regulates the levels 
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of NLRP3 and ASC proteins post-transcriptionally, thus implicating NLRP3 in NETosis 

(Münzer et al. 2021). Consistent with this observation, Desai and collaborators highlighted a 

role for necrosome components in the induction of NETs. Neutrophils lacking RIPK1 and 

RIPK3 fail to form NETs when stimulated with PMA and monosodium urate (MSU) crystal, 

two well-known NET inducers (Desai et al. 2016). However, another research group has 

challenged this result (Amini et al. 2016). Further investigations are needed to ascertain 

previous findings. Overall, these data suggest the possible existence of cross-talks between 

NETosis and other distinct RCDs.  

Several studies have identified innate immune receptors as triggers of NET release. A 

role for TLR2 and TLR4 was described in the context of parasitic infection with Trypanosoma 

cruzi (Sousa-Rocha et al. 2015). TLR7 and TLR8 were shown to drive NETosis in the context 

of HIV infection (Saitoh et al. 2012). FcγRIIIb (Fc gamma receptor IIIb) on neutrophils engaged 

by immune complexes has been linked to NETosis occuring in a ROS-dependent manner 

(Behnen et al. 2014). However, there is no evidence in the literature demonstrating that 

FcγRIIIb engagement by immune complexes can activate the calcium-dependent enzyme 

PAD4 to promote further NETosis. It is tempting to speculate that this may be the case. This 

hypothesis is supported by the fact that neutrophils primed with soluble immune complexes 

lead to an enhanced Ca2+ signal and significant secretion of reactive oxidants (Watson et al. 

1997). 

1.d.3) DNA extrusion from the nucleus to the extracellular compartment 

The nuclear envelope is the first physical obstacle that decondensed chromatin must 

overcome (Fuchs et al. 2007). Nuclear envelope rupture during NET formation, involved 

kinases-mediated nuclear lamina phosphorylation-disassembly and discontinuities. PKC-α 

mediates lamin B phosphorylation and disassembly leading to nuclear envelope rupture (Li Y 

et al. 2020), (Li M et al. 2022). Cell-cycle proteins also control chromatin extrusion, and cyclin 

dependent kinase 4/6 (CDK4/6) has been shown to phosphorylate lamin A/C leading to nuclear 

envelope rupture (Amulic et al. 2017).  

After crossing the nuclear barrier, decondensed chromatin must pass through the dense 

and interconnected network of the cytoskeleton and organelles. To facilitate this, actin 

filaments, microtubules and vimentin intermediate filaments disassemble prior to chromatin 

decondensation, the ER vesiculates, cytoplasmic granules disintegrate and mitochondria release 

mtDNA that can later associate with NETs (Thiam et al. 2020). During this turbulent journey, 

NETs are adorned with around 330 proteins. Of these, 74 are detected in the neutrophil 
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proteome independent of the inducer of NETs, with most of proteins originating from the 

cytoplasm (Petretto et al. 2019; Chapman et al. 2019). 

Disrupting the cytoskeleton makes the plasma membrane vulnerable. When combined 

with the mechanical forces caused by expanding chromatin, this results in breaches of the 

plasma membrane and the release of NETs into the extracellular space, 3-8 hours after 

neutrophil activation (Neubert et al. 2018; Papayannopoulos. 2018).  

 

 

Figure 19: Main molecular mechanism governing NETosis. Neutrophil extracellular traps 

(NETs) are triggered by microorganisms (bacteria, viruses, fungi) and endogenous stimuli, such 

as DAMPS, immune complexes and crystals. The induction of reactive oxygen species (ROS) 

regulated by mitogen-activated proteins kinases (MAPKs), AKT, PIT3 and protein kinase C 

(PKC) is crucial in the triggering of MPO pathways contained in the azurosome. MPO-mediated 

oxidative activation of neutrophil elastase (NE) is required for NE-degradation of actin 

cytoskeleton in the cytoplasm to block phagocytosis and neutrophil chemotaxis migration. 

Other enzymes contained in the azurosome such as cathepsin G (CG), proteinase 3 (PR3) and 

defensin-1 (DEF-1) participate in NET formation. Release of granular proteins is facilitated by 

GasderminD (GSDMD) activation that forms pores in cytoplasmic granules. The release of NE 

into the cytosol participates in the proteolytic activation of GSDMD which is also necessary to 

allow NE, MPO, caspase-11 and chromatin-binding protein (DEK) (with similar function as 

MPO in NET formation), to translocate to the nucleus and drive chromatin decondensation by 
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processing histones. Increased calcium levels following neutrophil activation mediates protein-

arginine deiminase type 4 (PAD4) which citrullinates histones to helps chromatin 

decondensation, that occurs after histone deacetylation by histone deacetylase (HDAC). PAD4, 

with the help of PKC and CDK4/6, weakens the lamin network responsible for maintaining 

nuclear integrity and allow, NETs expansion (Poli & Zanoni. 2023).  

  

1.d.4) An alternative mechanism of NET formation   

In addition to this classical NET process known as “Suicidal NETs”, Pilsczek and 

collaborators described an alternative mechanism termed “Vital NETs” in which neutrophil 

exposure to Staphylococcus aureus rapidly induces NETs within 5-60 minutes without cell 

death. In this process, mitochondrial DNA (mtDNA) and nuclear DNA accompanied by 

granular proteins are extruded into the extracellular space in a ROS-dependent manner (Pilsczek 

et al. 2010). Two other studies showed that parasites may also induce rapid vital NETs within 

10-30 minutes of neutrophil stimulation (Rochael et al. 2015; Zhou et al. 2020). This process is 

led by the first neutrophils to arrive at sites of infection or damage, in which the resulting 

enucleated cytoplasts continue phagocytosis, allowing neutrophils to hit two targets with one 

shot (Papayannopoulos. 2018). 

 

Figure 20: “Suicidal” VS “vital” NETs formation. There are two types of NETs: lytic 

(also called suicidal) and non-lytic (also called vital) NETs. Lytic NETs are the classical 

form of NETosis, in which neutrophils release their DNA into the extracellular space 

after plasma membrane rupture. In contrast, non-lytic or vital NET formation involves 

a rapid release of DNA of mitochondrial or nuclear origin accompanied by granular 

proteins, in the absence of plasma membrane breaching and cell death. Besides, the 

resulting enucleated cytoplast continues its phagocytic activity (Papayannopoulos. 

2018). 
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In the absence of experimental evidence of cell death, the Nomenclature Committee on 

Cell Death (NCCD) recommends avoiding the use of the term “NETosis”, and discourages the 

use of alternative terms to describe extracellular DNA extrusion for instance, ETosis (DNA 

extrusion by eosinophils) (Galluzzi et al. 2018).      
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2. PANoptosis: A deadly symphony.  

Cell death pathways are continuously adapting to the evolution of the exposome including 

infectious pathogens, allergens and environmental risk factors. Cells display multiple backup 

RCD programs to ensure the elimination of abnormal cells, when a particular pathway is 

blocked or suppressed by a pathogen or a danger signal. The key finding that caspase 8 (CASP8) 

can switch cell death modality from apoptosis to necroptosis depending on its activation status, 

or even to pyroptosis when caspase-8-dependent apoptosis and MLKL-dependent necroptotic 

pathways are inhibited, has raised intriguing possibilities of cross-talk and inter-dependency 

between different types of cell death (Fritsch et al. 2019, Orning & Lien. 2021; (Jiang et al. 

2021).  

In a murine model of osteomyelitis with the Pstpip2cmo mutation, bone inflammation was 

rescued only when the deletion of NLRP3 or caspase-1 (pyroptotic molecules) was combined 

to caspase-8/RIPK3 deletion (apoptotic-necroptotic molecules) (Gurung et al. 2016).  In the 

context of Influenza A virus (IAV) infection, the combined deletion of RIPK3 and caspase-8 

reduced cell death more efficiently than did RIPK3 deletion alone (Kuriakose et al. 2016). 

These data emphasized the redundancy and the mechanistic overlap between the 3 types of cell 

death in pathological relevant contexts.  
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Figure 21: Caspase-8, the core element coordinating apoptosis, necroptosis and 

pyroptosis. Caspase-8 (CASP-8) plays a versatile role in determining the cell fate. In apoptosis, 

CASP-8 iniate a cascade of proteolytic events leading to the actiation of exacutionners CASP-

3 and -7. In necroptosis, CASP8 is an important negative regulator by limiting RIPK1 acitivity. 

In cooperation with cflip, CASP8 cleave and inactivate RIPK1 and RIPK3 to limit spontaneous 

RIPK1-induced necroptosis. Conversly, microbial and mammalian CASP8 inhihibitors trigger 

necroptosis. In pyroptosis, in certain conditions, CASP-8 directly cleave GSDMD into its active 

form leading to pore formation, efflux of K+ ions that mediates NLRP3 activation and 

processing and release of IL-1β and IL-18 further fueling pyroptosis, in this context CASP8 is 

still able to mediate apoptosis (Orning & Lien. 2021).       

     

2.a) Regulated cell death cross-talks:  

  

2.a.1) Apoptosis and pyroptosis both involve caspase activation, suggesting that they may 

cross-communicate. Caspase-1 induces apoptosis in GSDMD-deficient cells via the BID-

CASP9-CASP3 axis (Tsuchiya et al. 2019). Caspase-8, the initiator of apoptosis, can cleave 

GSDMD at the same site as caspase-1 to induce pyroptosis (Antonopoulos et al. 2015). In 

addition, caspase-8 is involved in the activation of NLRP3 inflammasome induced by dsRNA 

(Kang et al. 2015). In the presence of caspase-1, caspase-8 binds to ASC and acts as a positive 

regulator of NLRP3 inflammasome and IL-1 production, leading to caspase-1-dependent 

pyroptosis (Jiang et al. 2021). Other studies have reported a link between other types of 

inflammasomes (AIM2, NLRC4) and caspase-8 activation or caspase-8 mediated cell death, 

respectively (Pierini R et al. 2012; Sagulenko V et al. 2013; Lee BL et al. 2018). Additional 

crosstalks have been observed during chemotherapy. The apoptotic caspase-3 was shown to 

cleave Gasdermin E (GSDME) driving pyroptosis in several cell types which caused tissue 

damage and inflammation (Wang Y et al. 2017).   

 

2.a.2) Pyroptosis and necroptosis are both lytic/inflammatory cell death, suggesting an 

interconnection between them. reports are indicating that MLKL-mediated necroptosis can act 

upstream NLRP3 inflammasome to induce pyroptosis. Through its plasma membrane pore 

formation, MLKL increases potassium efflux in macrophages leading to NLRP3 activation 

(Gutierrez KD et al. 2017), (Conos SA et al. 2017).  Furthermore, another report showed that 

MLKL-deficient cells failed to trigger ASC oligomerization in response to poly(I:C) and 

zVAD, two TLR3 ligands known to induce ASC oligomerization and subsequent NLRP3 

inflammasome activation (Kang S et al. 2015).  
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2.a.3) Necroptosis and apoptosis. Genetic studies revealed the existence of a fine balance 

between necroptosis and apoptosis. Caspase-8 (Casp8) deletion is embryonically lethal, and 

survival of mice can be rescued by the combined suppression of Casp8 and Ripk3 or Mlkl, 

suggesting a role for caspase-8 in avoiding unnecessary necroptosis tissue destruction (Wang 

& Kanneganti. 2021). Indeed, RIPK1 and RIPK3 are substrates for caspase-8 and several 

studies have demonstrated that caspase-8 have the ability to destabilize the ripoptosome by 

forming a heterodimer with cFLIP (Mandal R et al. 2020). Besides, embryonic suppression of 

RIPK1 leads to both uncontrolled apoptosis and necroptosis, suggesting a role for RIPK1 in the 

inhibition of apoptosis and necroptosis (Wang & Kanneganti. 2021). Li and collaborators 

showed that SARS-CoV-2 infection activates a dual mode of cell death (apoptosis /necroptosis) 

and caspase-8-dependent inflammatory responses that may lead to the lung damage (Li S et al. 

2022). 

2.a.4) PANoptosome and its pathophysiological implication. 

The extensive characterization of cross-talks between each pair of cell death modalities 

suggests the possible inseparability between apoptosis, pyroptosis and necroptosis. In 2019, 

professor Kanneganti’s team described for the first time a concept of a total cell death called 

PANoptosis (P, pyroptosis; A, apoptosis; N, necroptosis), a unique innate immune 

inflammatory PCD, that is mechanistically regulated by a multiprotein PANoptosome complex 

integrating components from other regulated cell death (Malireddi et al. 2019; Christgen et al. 

2020). PANoptosis has been progressively linked to various infectious diseases (Place et al. 

2021) as well as sterile inflammation, cancers and cancer therapies (Pan B et al. 2022; Gong L 

et al. 2023; Sharma et Kanneganti, 2023; Huang J et al. 2022).  

The first and best characterized example of PANoptosis was shown in the context of 

IAV infection, where the suppression of the cytosolic sensor Z-DNA-binding protein 1 (ZBP1) 

led to complete suppression of IAV-induced PANoptosis, whereas deletion of components from 

the three RCD individually failed to rescue the cell death (Kuriakose T et al. 2016; Zheng M et 

al. 2020). Previously known as a nucleic acid innate immune sensor, ZBP1 triggers PANoptosis 

through the formation of ZBP1-PANoptosome, a platform including NLRP3 inflammasome 

components, RIPK3, RIPK1 and caspase-8 (Hao Y et al. 2022; Pandian & Kanneganti. 2022).   

PANoptosome is composed of PAMPs or DAMPs sensors (ZBP1, AIM2, NLRP3, 

pyrin), protein adaptors (ASC, FADD) and catalytic effectors (caspase-1, RIPK3, RIPK1, 

caspase-8) (Zhu et al. 2023). Later, caspase-6 was shown to potentiate the interaction between 

ZBP1 and RIPK1 promoting ZBP1-PANoptosome (Zheng M et al. 2020). Recently, NLRC4 
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inflammasome showed a role in PANoptosis upon detection of the T3SS bacterial proteins, 

leading to the assembly of NAIP-NLRC4 inflammasome and triggers PANoptosis dependently 

on caspase-1-GSDMD, caspase-8, -3, -7 and MLKL pathways (Sundaram & Kanneganti. 

2021). The most up-to-date research in the field identified NLRP12, the cytosolic sensor, as an 

integral component in driving PANoptosome activation and cell death in a caspase-8/RIPK3- 

dependent manner. In this context, TLR2/3 activation in response to heme / PAMPs, induces 

NLRP12, thus opening new therapeutic perspectives in hemolytic disease (Sundaram et al. 

2023). Serval other potential PANoptosome components remain to be characterized.  

Recent studies have shown that the composition of the PANoptosome is dynamic and 

can vary depending on the diversity of infectious agents or stimuli-mediated alteration of 

cellular homeostasis (Wang & Kanneganti. 2021; Gullett JM et al. 2022). The formation of this 

complex relies on homotypic and heterotypic protein interactions between key conserved 

domains including RIHM, DD, DED, PYD and CARD (Wang & Kanneganti. 2021). The 

existence of a RIHM domain confers ZBP1 the ability to regulate PANoptosome formation. 

Indeed, structurally caspase-8 and ZBP1, two main players in the complex have no possibility 

to directly interact. Instead, it needs to relay on RIPK1 for recruitment through FADD to link 

the necrotic and apoptotic initiating molecules (Zhu et al. 2023). Additionally, heterotypic 

interaction has been revealed between the DED of caspase-8 and PYD of ASC linking the 

apoptotic and pyroptotic initiating molecules (Vajjhala et al. 2015).   
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Figure 22: A prototypical example of PANoptosome formation (Case of ZBP1-

PANoptosome triggered by IAV infection). PANoptosome composition can vary depending 

on the signaling trigger. Structurally it is composed of three parts: PAMPs or DAMPs sensors, 

protein adaptors and catalytic effectors the assembly of these components, relies on homotypic 

and heterotypic interactions between key conserved domains including RIHM, DD, DED, PYD 

and CARD leading to lytic cell death. (Wang & Kanneganti. 2021).  

 

To date ZBP1-PANoptosome has been identified in the context of infection with ssRNA 

virus IAV (Kuriakose T et al. 2016), murine hepatitis virus and SARS-CoV-2 (Karki R et al. 

2022), C albicans and A. fumigatus (Banoth B et al. 2020).  Furthermore, this complex has also 

been implicated in cancer treatment, in a context where ADAR1 sequesters ZBP1 to prevent 

the ZBP1-RIPK3 interaction and PANoptosis, thereby promoting tumorigenesis. Treatment 

with nuclear transport inhibitors (KPT-330) blocks ADAR in the nucleus. In combination with 

IFN, this treatment supports ZBP1-PANoptosome formation and limits tumorigenesis (Karki R 

et al. 2021).  

AIM2 can detect cytosolic dsDNA from invading pathogens or of self-origin. Recently, 

Lee et al. from Kanneganti’s lab, reported a new role for AIM2 in the regulation of the innate 

immune sensors pyrin and ZBP1 to drive PANoptosis during Herpes simplex virus 1 (HSV1) 

and Francisella novicida infection. In this context, IFN-β previously found to promote the 

expression of pyrin and ZBP1 is induced by the AIM2/ASC/CASP1 pathway in bone marrow- 

derived macrophages (BMDM) to regulate ZBP1 and pyrin which synergize to drive AIM2-

mediated multi-protein complex, termed “AIM2-PANoptosome” comprising AIM2, pyrin, 

ZBP1 ASC, caspase-1, caspase-8, RIPK3, RIPK1 and FADD (Lee S et al. 2021). The same 

group reported the induction of a RIPK1-PANoptosome which occurs physiologically during 

Yersinia pestis infection through TAK1 inhibition via its YopJ effector in macrophages. 

Additionally, spontaneous PANoptosis can be triggered by genetic ablation or by 

pharmacological inhibition of TAK1 (Malireddi et al. 2018; Malireddi et al. 2020).  

  Additional sensors and interactors are currently under investigation such as TRIF, which 

can mediate cell death through RHIM-RHIM interaction with RIPK3 following TLR3 

activation (Kaiser et al. 2013). RIG-I as another potential candidate, as during Sendai virus 

(SeV) infection, RIG-I formed a complex with caspase-8 and RIPK1, two major PANoptosis 

players. This interaction is proposed to be mediated via CARD-CARD interaction (Rajput et 

al. 2011).  
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Bioinformatics analysis using the STRING database has supported experimental 

evidence for PANoptosome assembly. The results showed the existence of several physical 

crossed interactions between genes from apoptosis, pyroptosis and necroptosis, where caspase-

8 appears to be the focal point of these three pathways (Szklarczyk et al. 2019), (Wang & 

Kanneganti. 2021), (Zhu P et al.2023). This provides unquestionable evidence of pathways 

cross-talks.  

 

Figure 23:  Interactome of molecules involved in apoptosis, pyroptosis and necroptosis 

(Wang & Kanneganti. 2021).  

Given the significance of its implications in physiological and pathophysiological 

processes, PANoptosis needs to be tightly regulated. It was shown that IRF1 deficiency in IAV- 

infected macrophages reduces ZBP1, caspase-1, -3, -8, NLRP3 inflammasome and MLKL 

(Kuriakose T et al. 2018).  IRF1 previously known for its role in cell death, acts as an upstream 

regulator of PANoptosis through transcriptional regulation of ZBP1 (Gullett JM et al. 2022). 

During IAV-induced PANoptosis, IFN-I increases IRF1 expression, which in turn upregulates 

ZBP1 transcription (Zhu et al. 2023). Moreover, another study has shown a role for IRF1 in 

positive regulation of AIM2 inflammasome during Franscisella infection (Man et al. 2015), 

suggesting a possible role for IRF1 in the regulation of AIM2-PANoptosome.   

Post-translational modification through ubiquitination of ZBP1, as it was detected after IAV 

infection, can affect PANoptosome assembly (Zhu et al. 2023). Another strategy of negative 

regulation described in the context of tumorigenesis is ADAR1 sequestration of ZBP1. It was 
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found that ADAR1 can compete with RIPK3 for the binding of ZBP1, thus affecting the 

complex stability (Karki R et al. 2021).     
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3. Role of lytic cell death in the regulation of innate immune inflammation: 

Self-DNA, the maestro directing the symphony. 

What makes a specific cell death become immunogenic/inflammatory ? Regardless of the 

type of cell death process, dying cells will transmit messages through active secretion of some 

factors or passive release of the cellular content following the loss of membrane integrity to 

alert the immune system. 

It is well admitted that apoptosis the physiological form of cell death is 

“immunologically silent” occurring without the release of DAMPs. Apoptotic cells attract 

professional efferocytes (mostly macrophages) by releasing soluble “find me” signals such as 

lysophospholipids and nucleotides and they display phosphatylserine (PtdSer) on their outer 

plasma membrane as an “eat me” signal. Efferocytosis of apoptotic cells leads to an anti-

inflammatory outcome with the release of TGF-β and IL-10 to promote resolution of 

inflammation and tissue repair (Lemke G. 2019). In contrast, following a release of DAMPs, a 

strong immune response is triggered by necrosis to control infection or tissue damage. The 

recent focus on cell death has allowed us to realize that this model is an oversimplification of 

the complex communication between dead cells and efferocytes.   

In fact, several factors with variable characteristics must be taken into consideration in 

the equation of cell death to be able to predict the outcome. In a recent review, Rothlin et al 

proposed a novel theory with three major’s factors: (1) The identity of the efferocyte; (2) The 

information code content of the dying cells and their number; (3) The microenvironment in 

which death occurs, which can largely dictate efferocyte behavior to specify a single output 

(Rothlin et al. 2021). A study demonstrated that dendritic cells (DC) engulfment of Citrobacter 

rodentium-infected apoptotic cells induces both IL-6 and TGF-β, directing the response toward 

Th17 polarization, likely via TLR4 recognition of LPS contained in the cell, while DC 

engulfment of non-infected apoptotic cells resulted in TGF-β release only promoting Treg cell 

induction (Torchinsky et al. 2009).    

Caspase activation during apoptosis induces the cleavage and inactivation of innate 

immune proteins such as cGAS, IRF3, and MAVS to help maintaining the immune-silent status 

during physiological processes (Ning X et al 2019). However, this status can be broken in 

certain cases, such as during severe fever with thrombocytopenia syndrome virus (SFTSV) 

infection which stimulates oxidized mtDNA release from the mitochondria in a BAX/BAK 

manner that has been shown to be recognized by NLRP3 leading to IL-1β secretion (Li S et al. 
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2020). Giampazolias et al. showed that pharmacological caspase inhibition or APAF1 deletion 

activates NFκB dependent inflammation after the release of SMAC and NIK activation but also 

the cGAS-STING pathway via mtDNA release both in vitro and in vivo (Giampazolias E et al. 

2017). SMAC release via the BAX/BAK pores can also trigger NLRP3 inflammasome 

formation via IAP depletion leading to IL-1β secretion in a Gasdermin independent manner 

(Vince JE et al. 2018).   

 

Figure 24: Mitochondrial permeabilization as an initiatior of inflammation. BAX/BAK-

dependent MOMP has the potential to trigger an immune response under specific 

circumstances. mtDNA can leak from mitochondria and activate cytosolic immune sensors such 

as the cGAS-STING pathway leading to type I interferon production and NFκB activation. 

NFκB can also be activated after SMAC release and its downstream IAP degradation and NIK 

activation. Infection with certain viruses drives oxidized mtDNA release which can be detected 

by NLRP3 inflammasome. In pathological conditions where mitochondrial RNA helicase 

SUV3 and polynucleotide phosphorylase PNPase are inactivated, mtRNA accumulate in the 

cytoplasm and activate RNA sensors such as RIG-I and MDA5 triggering a type I interferon 

response (Bock & Riley. 2023).       

 

The timing and efficiency of efferocytosis also instruct the immune response to dead 

cells. When efferocytosis is overwhelmed, after 15 hours apoptotic cells were shown to release 

equivalent cellular proteins into the extracellular space as with lytic cell death (Tanzer et al. 

2020) by undergoing secondary necrosis (Wang & Labzin. 2023)  with release of DAMPs such 

as HMGB1 and S100 proteins with a strong inflammatory potential (Bertheloot & Latz. 2017).  

The removal of necrotic cell death by efferocytes is less efficient than the removal of 

apoptotic cell death (Krysko DV et al. 2006; Wang Q et al. 2013). One possible explanation is 

that HMGB1 competes with PtdSer the “eat me” signal for receptor binding on macrophages 
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and also by sequestering the integrin αvβ3 at the surface of phagocytes thus inhibiting 

efferocytosis in favor of the release of DAMPs and the initiation of inflammatory responses 

(Liu G et al. 2008; Friggeri A et al. 2010).      

To date, there is substantial evidence that activation of programmed necrosis including 

pyroptosis and necroptosis drives inflammation. On the one hand, activation of pyroptotic 

pathways is inherently inflammatory by definition. Inflammasome activation drives GSDMD-

dependent IL-1β and IL-18 release. Besides, GSDMD-dependent membrane rupture promotes 

the release of large DAMPs complexes such as lactate dehydrogenase (LDH) complex and ASC 

specks. Extracellular ASC specks and smaller soluble metabolic DAMPS such as ATP and uric 

acid can activate NLRP3 inflammasome assembly in the surrounding cells, thus extending 

inflammation.  

On the other hand, experimental observation that inflammatory process can be inhibited 

by blocking the function of RIPK3 has prompt researchers to question the role of necroptotic 

pathway in the fueling of inflammation. Indeed, several reports confirmed that prior to cell 

demise by pyroptosis, MLKL formed small membrane pores sufficient to allow potassium ions 

flux. This lead to NLRP3 inflammasome activation and the downstream IL-1β and IL-18 

secretion (Conos SA et al. 2017).       

Necroptotic pathway potentiates the activation of NFκB and p38 MAP kinase on a 

MLKL/RIPK1/RIPK3 fashion (Zhu K et al. 2018). Phosphorylated MLKL is exported from the 

dying cells in exosomes and can possibly act on other cells to activate NLRP3 inflammasome 

and inflammation (Yoon S et al. 2017). Furthermore, a study showed that activated MLKL only 

forms pores with highly phosphorylated inositol phosphates, which may explain why it can be 

exported in some cases (Dovey et al. 2018). These findings suggest a distinct role for MLKL in 

inducing inflammation prior to cell demise.  

3.a) The Role played by DAMPs: the ghost back to hunting you!  

Besides the inflammation that occurs as a result of distinct regulated cell death pathways 

before cell demise, the release of DAMPs is fundamental to drive innate inflammation 

following cell death. Among danger signals released from dead cells, we can distinguish two 

types of DAMPs: (1) constitutive DAMPs (cDAMPs) and inducible DAMPs (iDAMPs).   

cDAMPs are present in healthy cells at steady state, but have the ability to elicit an immune 

response. cDAMPs such as HMGB1, S100 proteins, nucleic acids (including self dsDNA, 

mtDNA and mtRNA), calreticulin, F-actin and extracellular adenosine triphosphate (eATP) can 
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be released in the context of accidental necrosis. Conversely, iDAMPs are induced in infected, 

transformed or damaged cells. They involve IL-1 family members, NF-kB-induced cytokines 

(TNF, IL-6) and type I IFN (α, β). Extensive classification of DAMPs was detailed by Walter 

Gottlieb Land (Table 2) (Land WG. 2018, 2020).  

The process of DAMPs sensing is central to detect a perturbation of homeostasis (whether its 

microbial infection, transformed cell or sterile damaged tissue). Danger signals are sensed by 

evolutionarily conserved receptors referred to as pattern recognition receptors (PRRs). PRRs 

highly expressed by immune cells and any other cell susceptible to be infected or transformed 

to sense DAMPs and/or PAMPs and evoke an innate immune defense strategy (Gong T et al. 

2020; Li D, Wu M. 2021). PRRs classically encompass Toll-like receptors (TLRs), NOD-like 

receptors, retinoic acid inducible gene I-like receptors, C-types lectin receptors, and cytosolic 

nucleic acids sensors. Non classical PPRs were also identified such as the soluble pattern 

recognition Pentraxin3 (PTX3) which facilitating pathogen recognition by myeloid cells or the 

G-protein coupled receptors and ions channels (Porte R et al. 2019; Gong T et al. 2020).  

PRRs engagement following DAMPs detection ultimately converge on the production of pro-

inflammatory cytokines (TNF, IL-1, IL-6) and type I IFNs through NF-κB and IRF3 to initiate 

immune route, only to restore homeostasis, at least at the beginning (Li D, Wu M. 2021).  

 

3.a.1) Focus on DNA as a driver of inflammation and innate immune sensors activation.   

Necrosis cell death, including pyroptosis, necroptosis or NETosis have in common the 

inevitable release of self dsDNA after nuclear and plasma membrane breaching. According to 

Land WG’s classification, nuclear and mitochondrial DNA is classified as an intrinsic DAMP, 

which can be modified upon injury leading to DNA breaks (Land WG. 2018, 2020). 

DNA exert distinct functions depending on its cellular location. When 

compartmentalized in the nucleus and mitochondria, it carries genetic information. Once in the 

cytoplasm or outside of the cell, immunity and inflammation become the principal duty of DNA 

(Pisetsky DS et al. 2012; Singh J et al. 2023). DNases such as the extracellular DNase I, 

endosomal DNase II or the cytoplasmic TREX1, mitigate this effect by digesting DNA below 

the level required to activate nucleic acid sensing mechanisms (Paludan SR et al.  
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Table 04: Walter Gottlieb Land’s classification of DAMPs (Land WG. 2018, 2020). 

Class A: DAMPs passively released from Necrotic Cells Subclass 1: DAMPs except for indirectly NLRP3-activating molecules

Subclass 2: DAMPs indirectly activating the NLRP3 inflammasome

Class B: DAMPs exposed on the Cell Surface Subclass 1: Phagocytosis-facilitating molecules (“chaperones”)

Subclass 2: MHC class I chain-related molecules

Class A: DAMPs released from the Extracellular Matrix Subclass 1: Proteoglycans 

Subclass 2: Glycosaminoglycans 

Subclass 3: Glycoproteins

Class B: Cell-extrinsic modified DAMPs Subclass 1: Oxidation-specific epitopes (membrane-bound)

 Subclass 2: Distinct structural sugar patterns (membrane-bound)

 Subclass 3: Cell-extrinsic dyshomeostasis-associated molecular patterns 

Subclass 4: Plasma-derived modified soluble molecules

Class C: Cell-intrinsic modified DAMPs Subclass 1: Nuclear DNA breaks

Subclass 2: Cytosolic DNA (nuclear and mitochondrial)

 Subclass 3: Cytosolic RNA (accumulated, processed) 

Subclass 4: Cell-intrinsic dyshomeostasis-associated molecular patterns 

Subclass 5: Abnormally accumulating metabolic molecules

Class A: Native Molecules acting as Inducible DAMPs Subclass 1: Actively secreted molecules (also passively released) 

Subclass 2: Cytokines secreted by (DAMP-) activated cells 

Subclass 3: Full-length interleukin-1 family members 

Subclass 4: Complement-related and vascular molecules 

Subclass 5: Galectins 

Subclass 6: NF-κB signaling in cross-priming 

Subclass 7: Eicosanoids 

Subclass 8: Vasoactive Catecholamines, Angiotensin II, Endothelin-1

Class B: Modified Molecules acting as Inducible DAMPs Subclass 1: Processed interleukin-1 family members 

Subclass 2: Processed HMGB1 secreted by activated immune cells 

Subclass 3: Anaphylatoxins C3a and C5a

 Subclass 4: “Prion-like” polymers (“Specks”) 

Subclass 5: Lysophospholipids 

Subclass 6: Peroxiredoxins 

Subclass 7: Wnt Proteins

Class C: Suppressing/inhibiting DAMPs (“SAMPs”) Subclass 1: Prostaglandin E2 

Subclass 2: Adenosine (extracellular adenosine, cyclic AMP) 

Subclass 3: Annexin A1 

Subclass 4: Specialized proresolving mediators 

Subclass 5: Lysophosphatidylserine, Lysophosphatidylethanolamine 

Subclass 6: Angiotensin-(1-7)

Class A: Exogenous DAMPs indirectly sensed by NLRP3 Subclass 1: Aluminium salt 

Subclass 2: Asbestos fibres 

Subclass 3: Silica particles 

Subclass 4: Air pollution—particulate matter

Class B:vExogenous DAMPs sensed by Nociceptors Subclass 1: Noxious stimuli involved in thermosensation 

Subclass 2: Non-reactive compounds

 Subclass 3: Reactive electrophilic compounds

 Subclass 4: Vanilloids- capsaicin

Class C: Allergens Subclass 1: Metal Allergens

Category I: Endogenous DAMPs: Constitutively Expressed Native Molecules (Cat. I DAMPs)

Category II: Endogenous DAMPs: Constitutively Expressed, Injury-Modified Molecules (Cat. II DAMPs)

Category III: Endogenous DAMPs: Inducible DAMPs (Cat. III DAMPs)

Category IV: Exogenous DAMPs (Cat. IV DAMPs)
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2019). However, when DNA is released in large amounts following tissue injury and cell death 

or infections, these systems are overwhelmed and innate immune sensors initiate a defense 

strategy which converge to type I and type II IFN production and pro-inflammatory cytokines 

and can result in inflammation-related diseases (Roh JS et al. 2018; Royce GH et al. 2019; 

Fousert E et al. 2020). 

Among the nucleic acids sensors, DNA is detected by TLR9 in endosomes, considered 

to be the first identified DNA-sensing PRR (Hemmi H et al. 2000), ZBP1 (DAI) (Takaoka A et 

al. 2007), AIM2 (Hornung V et al. 2009), IFI16 (Unterholzner et al. 2010), DDX41, an RNA 

helicase protein also known to detect cytosolic dsDNA promoting type I IFN (Zhang Z et al. 

2011) and cGAS (Sun et al. 2013) one of the best characterized DNA sensors (Ablasser & Chen. 

2019). Meanwhile, Barber’s lab had shed light on the role of an endoplasmic reticulum adaptor, 

called “stimulator of interferon genes” STING in innate immune signaling and pointed its 

requirement for type I IFN production in response to DNA (Ishikawa & Barber. 2008) 

(Ishikawa & Barber. 2009). Later, STING was shown to function downstream of cytosolic 

nucleic acid sensors (Ablasser et al. 2013; Gao et al. 2013). 

4. The cGAS-STING pathway 

When cGAS interacts with cytoplasmic dsDNA, it forms a 2:2 complex in which two cGAS 

molecules bind to two dsDNA molecules. This combination represents the minimal active 

enzymatic unit (Li X et al. 2013). cGAS is agnostic to the dsDNA origin, but depends on the 

length of the DNA (Sun et al. 2013). Longer dsDNA (˃ 45pb) promotes more efficiently the 

enzymatic activity of cGAS then short dsDNA (Du & Chen. 2018). Active cGAS catalyzes 

ATP and GTP into 2’3’-cGAMP (Diner et al. 2013; Ablasser et al. 2013). This endogenous 

messenger binds to the homodimer adaptor protein STING, localized in the endoplasmic 

reticulum region (ER). Upon activation, STING undergoes conformational rearrangement, 

including the bringing of the two wings together with the ligand and the formation of a four 

anti-parallel β-sheet strands on top of the ligand binding domain, resulting in closed 

conformation. This new conformation drives a 180° rotation of the ligand-binding domain, 

eliciting the formation of oligomers through side-by-side assembling of STING dimers. STING 

oligomers traffics from the ER to the Golgi, in the perinuclear region through the E/R-Golgi 

intermediate compartment (ERGIC). This translocation is supported by COP-II complex and 

ARF GTPases. Once in the Golgi region, STING is palmitoylated at residue Cys88/91, a 

necessary step for its oligomerization. STING oligomers serves as a platform for the recruitment 

of TBK1, which then proceeds to phosphorylate STING. The C-terminal region of 
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phosphorylated-STING serves as a docking zone for the recruitment of IRF3 which is also 

phosphorylated and activated by TBK1. Once activated, the transcription factor IRF3, 

dimerizes and translocates to the nucleus to activate type I IFN genes. Type I IFNs act through 

their heterodimeric receptor (IFNAR1-IFNAR2) on an autocrine and paracrine manner to 

trigger the JAK/STAT1/STAT2 axis and induce the transcription of several interferon-

stimulated genes (ISGs). 

In the other hand, STING controls the transcription of proinflammatory cytokines through 

the activation of NFκB pathway in a TRAF6-TBK1 dependent manner in response to dsDNA. 

Making the downstream kinase TBK1 controlling both dsDNA-mediated IRF3 and NF-κB 

activation.  

Besides IRF3 and NFκB, STING pathway is implicated in the activation of the transcription 

factor STAT6. STAT6 interacts directly with STING and is subsequently phosphorylated and 

activated by TBK1, which drives its dimerization, nuclear translocation and subsequent 

activation (Chen H et al. 2011).    
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Figure 25: Mechanism of cytosolic DNA sensing by the cGAS-STING pathway. The 

activation of the cGAS-STING pathway has been implicated in a verity of human and animal 

diseases including anti-microbial defense, inflammation and auto-inflammation as well as 

tumor immunity. cGAS acts as an innate immune sensor, recognizing various cytosolic dsDNA 

forms, including pathogen-derived and self-DNA. Upon its activation by DNA, cGAS catalyze 

cGAMP synthesis. In turn, cGAMP activates STING at the ER membrane, leading to STING's 

translocation to Golgi compartments. Several bacterial CDNs, viral liposomes or synthetic 

agoists have also the ability to activates STING. phosphorylated STING recruits TBK1 and IκB 

kinase (IKK) for the subsequent phosphorylation of IRF3 and NF-κB respectively. 

phosphorylated IRF3 and NF-κB translocate to the nucleus to activate transcription of type I 

IFN (α/β) and pro-inflammatory cytokines (e.g IL-6, TNF) respectively. Secretion of type I 

IFNs can stimulate the expression of ISGs through the JAK/STAT signaling pathways, creating 

a positive feedback loop. Besides is role in inflammation, STING activation can be involved in 

autophagy as well as several cell death pathways (Motwani et al. 2019) 

 

The structure of the cGAS protein is crucial for its function and enzymatic activity. 

Studies have shown that the three-dimensional structure of cGAS can vary between species, 

which can lead to differences in DNA recognition and cGAMP production. The human cGAS 

(hcGAS) has K187 and L195 mutations compared to the mouse orthologue, which increases its 

stringency for longer DNA sequences (>45pb). Furthermore, hcGAS is less efficient in cGAMP 

production than the mouse one (Zhou W et al. 2018; Briard et al. 2020). Besides dsDNA, cGAS 

can be activated following DNA: RNA hybrids detection, leading to downstream IFN 

production (Mankan et al. 2014). Other species like ssDNA or dsRNA can also bind to cGAS 

but do not lead to rearrangement of the catalytic pocket and production of cGAMP (Ablasser et 

al. 2019). 
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Figure 26: Human cGAS vs murine cGAS in DNA detection and cGAMP production. 

cGAS is retained near the plasma membrane via its NH2-terminal-phosphoinositide-binding 

domain, to facilitate the detection of viral DNA entry and limits its reaction with self-DNA. 

Upon DNA recognition 2 molecules of cGAS binds 2 dsDNA strands driving catalytic 

modification in cGAS to permit the synthesis of cGAMP from ATP and GTP. Two mutations 

in human cGAS (K187 / L195) increase its affinity for longer DNA molecules. The hcGAS has 

reduced catalytic activity for cGAMP production compared to the mcGAS, which has the ability 

to bind smaller DNA molecules with higher catalytic activity (Briard et al. 2020).  

 

cGAMP can be transmitted from a “donor cell” to a “recipient cell” for a rapid propagation of 

innate responses in neighboring cells. When it escapes the proteolytic action of ecto-nucleotide 

pyrophosphatase phosphodiesterase 1 (ENPP1), a negative regulator of this immune-

transmission mechanism (Kato et al. 2018; Carozza et al. 2022), cGAMP can be picked from 

the extracellular space through various channels to activate intra-cellular STING.  

Solute carrier family 19 member 1 (SLC19A1), was the first identified cGAMP importer 

(Ritchie et al. 2019; Luteijn et al. 2019; Xie et al. 2023). The purinergic P2X7 receptor (P2X7R) 

was revealed later as another cGAMP importer (Zhou Y et al. 2020). Indeed, when a tissue is 

severely damaged, a high release of ATP and cGAMP can occur to alert the immune system. 

Increased levels of extracellular ATP induce the opening of P2X7R channels, which could 

allow small molecules such as cGAMP, to pass into the cytoplasm (Savio et al. 2018). In 
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addition, volume-controlled anion channel (VRAC) through its subunit leucine-rich repeat-

containing protein 8 (LRRC8) can facilitate the export from the donor cell and also the import 

of cGAMP in the recipient cell (Zhou C et al. 2020). Gap-junctions between two adjacent cells 

can be used by c GAMP as a direct cell-cell passage (Ablasser et al. 2013). This strategy protects 

cGAMP from the action of ENPP1 in the extracellular space.  

Recently, a surprising STING localization was described. Li et al. identified an 

alternatively spliced STING isoform in mouse splenic cells, which lacks one transmembrane 

domain with an intracytoplasmic N-terminus and a C-terminus outside the cell. This isoform 

resides in the cell surface, giving it the ability to detect extracellular cGAMP. The pmSTING 

(plasma membrane STING) isofom triggers the same signaling pathway as the canonical 

STING, with dimerization and subsequent activation of the TBK1/IRF3/IFN axis. The same 

isoform was identified in humans (Li et al. 2022). Alternatively, spliced isoforms that have been 

identified in the cGAS-STING signaling pathway are extensively reviewed here (Liang et al. 

2021). 

 

Figure 27: Propagation of innate responses via the inter-cellular transmission of cGAMP.  

Endogenous cGAMP production and STING activation is not the only option to initiate innate 

responses. cGAMP can be released in the extracellular space and be transferred to neighboring 

cells via transporters, such as LRRC8/VRAC, P2X7R and SLC19A1. cGAMP can also directly 

be transmitted to adjacent cells via gap-junctions. cGAMP can be negatively regulated by 

ENPP1 in the extracellular space (Kim et al. 2023). 

 

cGAS is not strictly necessary for STING activation. Indeed, STING can be directly 

activated by bacterial cyclic dinucleotides, such as the cyclic di-GMP, cyclic di-AMP and 3’3’-

cGAMP, making STING a standalone PRR (Burdette et al. 2011; Moretti et al. 2017). Yet, 

bacterial dinucleotides have lower affinity for STING than the endogenous 2’3’-cGAMP 
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(Zhang X et al. 2013). Other DNA sensors can activate STING independently of cGAS such as 

DDX41 (Cheng Y et al. 2017); IFI16 was shown to detect DNA from different origins driving 

IFI3 and NFκB activation (Morrone et al. 2014), and appears to function in this context and 

cell-specific manner. Indeed, during viral infection IFI16 potentiates cGAS activity leading to 

increased cGAMP levels and drives STING dimerization and phosphorylation in response to 

DNA (Jønsson et al. 2017). While in keratinocytes, IFI16 was shown to cooperate with cGAS 

to activate STING without affecting cGAMP levels (Almine et al. 2017). In sterile conditions, 

IFI16 was shown to trigger a non-canonical STING pathway by activating the TNF receptor-

associated factor 6 (TRAF6) that induces ubiquitination and the subsequent activation of 

STING (Dunphy et al. 2018).    

4.a) Role of cGAS-STING pathway in DNA damage and regulated cell death 

When a cell accumulates DNA damage but remains viable and undergoes mitosis, DNA 

can leak from the nucleus, forming cytoplasmic micronuclei that activate the cGAS-STING 

pathway (Xu B et al. 2011; Mackenzie et al. 2017; Hintzsche et al. 2017). Various sources have 

documented that cGAS colocalizes with γH2AX, a marker of DNA damage enriched in the 

micronuclei (Yang et al. 2017; Mackenzie et al. 2017). In the best-case scenario, the detection 

of these accumulated damages by cGAS and the downstream signaling strength triggered by 

STING lead to the demise of the cell to avoid cellular transformation (Gulen et al. 2017; Cerboni 

et al. 2017; Brault et al. 2018). Moreover, it is interesting to note that cGAS sensing of double-

stranded breaks (DSB) in the nucleus, revealed by γH2AX/cGAS colocalization results in 

suppression of DNA repair mechanisms leading to more DNA damage (Liu H et al. 2018).  

Cross-talks between the cGAS-STING signaling and regulated cell death (RCD) pathways 

including apoptosis, pyroptosis and necroptosis have been extensively described (Murthy et al. 

2020), conferring an anti-proliferative function to DNA-depend innate immune response. 

Indeed, myeloid (macrophages) and lymphoid (T/B cells) cells where shown to die following 

STING activation (Tang et al. 2016; Gulen et al. 2017; Gaidt et al. 2017; Larkin et al. 2017; 

Kuhl N et al. 2023).   

4.a.1) STING and apoptosis  

Prior to STING discovery, DMXAA (5,6-dimethylxanthenone-4-acetic acid), a tumor 

vascular-disrupting agent was recognized for its pro-apoptotic function both in vivo and in vitro 

(Ching et al. 2002; Ching et al. 2004). Later, DMXAA was described as an efficient mouse 
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STING agonist, and this raised question about STING potential role in apoptosis and cell death 

(Conlon et al. 2013). 

Phosphorylated IRF3 can interact with BAX and BAK and drive apoptosis through the 

mitochondrial pathway downstream of STING. This pathway is also known as the RLR-

induced IRF3-mediated pathway of apoptosis (RIPA) (Chattopadhyay et al. 2010; Sze A et al. 

2013; Petrasek et al. 2013). Type I IFN production following STING activation induces the 

expression of TRAIL, which triggers apoptosis through the engagement of death receptors and 

plays a detrimental role during Francisella novicida infection (Zhu Q et al. 2018). Lohard and 

collaborators, revealed a mechanism by which the activation of STING induces pro-apoptotic 

secretory phenotype in primary breast tumor cells treated with paclitaxel, an antimitotic agent. 

This activation drives the production of type I IFN and TNFα, which induce NOXA expression 

in neighboring cells. These cells become highly sensitive to inhibition of BCL-Xl. Moreover, 

combined with of BH3 mimetics, these apoptotic effects are potentiated (Lohard et al. 2020).          

4.a.2) STING and necroptosis  

A few years ago, very little was known about the importance of the STING signaling 

pathway in necroptosis. Early observations indicated that deficiency in IFNAR1 confers 

resistance to necroptosis during Salmonella typhimurium infection in vivo in mice (Robinson et 

al. 2012). Sarhan and al. confirmed this observation showing that natural IFN levels regulated 

by constitutive low DNA levels sensed via cGAS/STING, play a crucial role in maintaining 

MLKL expression, predisposing cell to early necroptosis (Sarhan and al. 2019). 

Simultaneously, Brault et al. revealed that DNA sensing through cGAS-STING activates 

RIPK3. Extending previous findings, they showed that type I IFN is necessary but not sufficient 

and that the synergistic signaling of TNF/IFN is responsible for STING-dependent necroptosis 

in macrophages (Brault et al. 2018). On the other hand, STING priming in vivo with high doses 

of DMXAA had lethal effect. Mice were in part rescued by RIPK3 and MLKL deficiency, 

providing strong evidence that necroptosis is one of the end-products of STING signaling 

(Brault et al. 2018).    

4.a.3) STING and pyroptosis   

The precise mechanism by which STING directly triggers pyroptosis is still to 

determine. Yet, several studies converge towards the hypothesis that STING enhances 

pyroptosis by acting on its components. Gaidt et al. demonstrated that during DNA-dependent 

stress response, STING induces K+ efflux to support the lysosomal cell death pathway. K+ ions 

can in turn activate NLRP3 inflammasome (Gaidt et al. 2017). Another study demonstrated that 
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Chlamydia trachomatis infections in macrophages lead to a GAS-STING-dependent IFN 

response, which regulates both the canonical inflammasome (caspase-1) and noncanonical 

inflammasome (caspase-11), resulting in increased IL-1β production that precedes pyroptotic 

cell death (Webster et al. 2017). In addition, they showed that inactivated C. trachomatis led to 

a reduced type I IFN response, did not activate inflammasomes and failed to induce IL-1β and 

pyroptosis. Interestingly, they demonstrated that exogenous supply of c-di-AMP, rescued 

inflammasome activation to inactivated bacteria in a STING dependent fashion, thus providing 

strong evidence that bacterial metabolites sensing by STING is responsible of inflammasome 

activation and the subsequent pyroptosis, linking indirectly STING to pyroptosis (Webster et 

al. 2017).  

 

Figure 28: DNA-Dependent Regulated Cell Death Pathways. Outside the nucleus, DNA has 

many regulatory functions of the innate immune system. DNA is involved in induction of type 

I IFN, inflammatory cytokines (e.g. IL-1β, IL-6 and TNF), autophagy and regulation of several 

regulated cell death pathway including apoptosis, necroptosis and pyroptosis: DNA-dependent 

GAS-STING activation regulates necroptosis via synergetic effect of IFN and TNF, apoptosis 

through upregulation of pro-apoptotic protein such as NOXA, and pyroptosis through 

increasing pyroptosis components such as NLRP3 inflammasome (Paludan et al. 2019).  

 

4.b) cGAS-STING-associated lung diseases  

To date, the activation of the DNA-dependent STING pathway has been implicated in 

a broad spectrum of human and animal diseases, despite their divergent etiologies. Imbalance 

in the STING pathway was extensively described in tumors such as glioma where STING is 

epigenetically silenced in a developmentally conserved way (Low et al. 2022), or even during 

pancreatic tumorigenesis where ferroptotic damage (an iron-dependent cell death) regulates 
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STING to support tumorigenesis (Dai et al. 2020). Other pathological conditions including 

neurological disorders, cardiovascular disorders, metabolic diseases, senescence and aging, 

autoimmune diseases and microbial infection including viral, bacterial and parasitic infections 

have all been reported to involve the STING pathway in their pathogenesis (Decout et al. 2021; 

Skopelja-Gardner et al. 2022; Zhang Z et al. 2022). The following section will specifically focus 

on the potential implications of the STING pathway in lung inflammation.  

4.b.1) STING and DNA in sterile lung conditions: focus on allergic asthma and asthma 

exacerbation.  

Several clinical reports demonstrated the correlation between self-DNA accumulation 

and the severity of multiple sterile lung pathologies. Indeed, extracellular DNA in airway 

secretion of patients with cystic fibrosis was found to increase the viscosity of airway secretions 

which leads to the worsening of pulmonary function (Shah et al. 1995; Shah et al. 1995). Later, 

Benmerzoug et al showed the STING dependence of self-DNA-induced inflammation in a 

mouse model of silicosis and in human lungs of silicosis patients (Benmerzoug et al. 2018).  In 

chronic obstructive pulmonary disease (COPD), Avriel et al identified DNA levels in serum of 

COPD patients as a biomarker of poor outcomes and increased risk of exacerbation (Avriel et 

al. 2016), and another study reported a substantial increase of mtDNA breaks in lung tissue of 

COPD patients (Pastukh et al. 2011). Subsequently, Nascimento et al. demonstrated in a mouse 

model of COPD sensitized with cigarette smoke, the STING-dependent lung inflammation that 

occurs after damage to the respiratory barrier and release of self-DNA (Nascimento et al. 2019). 

The same observation was made in patients with idiopathic pulmonary fibrosis, where an 

elevated fraction of mtDNA was found in both bronchoalveolar lavage fluid (BALF) and 

plasma. This increase in mtDNA levels is associated with reduced survival rates and predicts 

death in these patients (Ryu et al. 2017).  

One of the first experimental evidence that dsDNA could potentiate allergic response 

was revealed in a mouse model exposed to allergen (ovalbumin), combined with aluminum-

based adjuvants (aluminum salts or alum). Alum induced host cell death, releasing dsDNA 

which rapidly coats injected alum to act as endogenous immunostimulator (McKee et al. 2013). 

Subsequently, dsDNA supported humoral B cell response with IgG1 production in an IRF3-

independent manner, but also classical Th2 responses accompanied with IgE response in a 

TBK1 and IRF3 dependent manner (Marichal et al. 2011). This observation was further 

supported by the fact that STING deficiency in mice showed a reduced OVA-specific IgE 

response (McKee et al. 2013).  
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In line with the experimental observation, a clinical study reported that a high 

concentration of extracellular self-dsDNA in patient’s sputum positively correlates with more 

severe asthma accompanied with NETs production (Lachowicz-Scroggins et al. 2019). 

Together with house dust mites, respiratory viral infection is one of the most common cause of 

asthma exacerbation. Studies have revealed that rhinoviruses trigger self-dsDNA release 

associated with NETs induction to boost type-2 allergic inflammation in a setting of airway 

hypersensitivity (Toussaint et al. 2017; Radermecker et al. 2019). Moreover, injection of mouse 

dsDNA alone was sufficient to recapitulate many features of rhinovirus-induced type-2 immune 

responses (Toussaint et al. 2017). On the other hand, a clinical study analyzed gene expression 

in patients with mild and severe asthma, revealed prominent activation of ISGs. Interestingly, 

ISG signature was independent of viral genes and unrelated to the increased type 2 

inflammation signature. Instead, ISG signature was associated to endoplasmic reticulum (ER) 

stress, confirmed by an increase in X-box binding protein 1 (XBP1), and also with a reduced 

lung function (Bhakta et al. 2018). Consequently, these findings raise questions about the 

potential intervention of the STING pathway, type I IFN production, and subsequent ISG 

expression.  

In early 2020, Han et al. showed for the first time the occurrence of cytoplasmic dsDNA 

accumulation in airway epithelial cells during allergic inflammation. In this study, deletion of 

cGAS attenuated OVA- or HDM-induced Th2 immune response in mice, likely via down-

regulation of epithelial GM-CSF, IL-25 and IL-33. Furthermore, treatment of human bronchial 

epithelial cells with a ROS scavenger (which acts on mitochondrial membrane 

permeabilization) significantly decreased cytosolic dsDNA–positive cells and reduced GM-

CSF expression in those cells, suggesting a mitochondrial origin of cytosolic dsDNA which 

could be sensed by cGAS to mediate asthma pathogenesis (Han et al. 2020). Another group 

revealed the importance of STING in promoting humoral immunity during house dust mite 

extract (HDM)-induced allergic asthma. Mice lacking STING showed lower levels of total and 

HDM-specific IgE and a reduced proportion of B cells and IgE-positive B cells in the airways 

and lymph nodes, mainly through acting on follicular helper T cells (Nunokawa et al. 2021).  

Excessive mucus hypersecretion contributes to airflow obstruction associated with 

severe asthma phenotypes. Recently, Nishida et al. emphasized a central role for STING but 

not cGAS in the induction of MUC5AC, one cardinal features of asthma. Oxidative stress 

induced by H2O2 treatment of human bronchial epithelial cells caused mtDNA release into the 

cytoplasm and subsequently MUC5AC expression. Furthermore, H2O2- induced MUC5AC 
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expression was suppressed in STING deficient cells, highlighting the combined role of 

oxidative stress, mtDNA and STING in mucin production by airway epithelial cells (Nishida et 

al. 2023).  

Altogether, these studies provide compelling evidence supporting the involvement of self-

dsDNA and the cGAS-STING pathway in the pathogenesis of type 2 asthma and asthma 

exacerbation.  

4.b.2) STING and DNA in infectious diseases: focus on respiratory viral infections  

The cGAS-STING pathway responds to a variety of DNA viruses including herpes 

simplex, hepatitis B and cytomegalovirus, to restrict viral dissemination. However, this extends 

beyond DNA viruses, as the cGAS-STING pathway also plays a crucial role in counteracting 

RNA viruses either by recognizing viral components or by detecting self DNA from nuclear or 

mitochondrial origin, which are triggered by the cellular stress induced during viral replication. 

Human Immunodeficiency Virus (HIV), a ssRNA virus can activates cGAS directly through its 

retro-transcribed Y-form DNA, possibly with the help of a proximal sensor protein, the 

polyglutamine-binding protein 1 (PQBP1) (Herzner et al. 2015; Yoh et al. 2015). Subsequently, 

Lahaye et al. shed light on a novel innate strategy for sensing the presence of HIV in the nucleus. 

The nuclear Non-POU domain-containing octamer-binding protein (NONO) serves as a sensor 

of the HIV capsid, associates with nuclear cGAS and facilitates HIV DNA detection (Lahaye 

et al. 2018).  

Viral respiratory infections are among the most common diseases worldwide and 

represent a significant exacerbation factor for several lung diseases. Holm et al. revealed an 

unexpected STING function unrelated to cGAS in controlling Influenza A Virus (IAV) 

infection. Virus-cell membrane is sensed by STING, which subsequently stimulates an IFN 

response (Holm et al. 2016). Another non-canonical function of STING was highlighted during 

Rhinovirus infection. STING was shown to serve as a host factor to promote RV genome 

replication, and STING ablation had an antiviral effect in vitro (McKnight et al. 2020). 

Moreover, despite the usurpation of STING during viral replication, the canonical function of 

STING in the induction of innate inflammation was conserved. STING was suggested to 

contribute directly to IFN-β induction in response to RV infection in vitro (McKnight et al. 

2020).  

SARS-CoV-2 resulted in a significant loss of life. While most of the clinical research 

has focused on the fatal outcome of cytokine storm observed in ARDS patients, the underlying 
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mechanism behind this exacerbated immune response has been less clear. An in vitro study 

showed that SARS-CoV-2 infection induces cell-cell fusion via spike protein and the formation 

of syncytia. They further demonstrated that cell fusion provokes chromosomal DNA export 

from the nucleus to the cytoplasm and the subsequent activation of the cGAS-STING-

dependent Type I IFNs (Zhou Z et al. 2021). Concurrently, two studies confirmed the pivotal 

role of STING pathway by demonstrating that STING agonists reduces SARS-CoV-2 viral load 

through an enhanced type I-IFN response (Humphries et al. 2021; Li M et al. 2021).   

Paradoxically, sustained and uncontrolled type I-IFNs could be detrimental and 

correlate with COVID-19 severity. Recently, Di Domizio et al showed that cGAS–STING 

pathway drives endothelial dysfunction and type I IFN production (Domizio et al. 2022). Using 

a lung-on-chip (LoC) model that mimics the alveolar-capillary interface, they revealed that 

upon SARS-CoV-2 infection, endothelial cells but not epithelial cells, produce high levels of 

IFNβ and eventually die. Moreover, treating LoC with STING inhibitor H-151 abolished this 

response. Furthermore, mass spectroscopy analysis of cytosolic factors showed that 

mitochondrial proteins were enriched after infection, suggestive of mitochondrial dysfunction 

and potential accumulation of mtDNA in the cytosol. In addition, cells incubation with 2′,3′-

dideoxycytidine (ddC) to deplete mtDNA or with VBIT-4 that inhibits the translocation of 

mtDNA to the cytosol led to a significant reduction of type I IFN production after infection. In 

vivo inhibition of STING using H-151 in infected K18-hAEC2 mice revealed a reduced lung 

inflammation (e.g. IL-6, TNF, ISGs) and markers of lung injury (F3, Retnla) at 6 days post-

infection, but not at 3 days post-infection. Indicating that STING through type I IFNs mediates 

a critical contribution to lung immunopathology in the late phase of infections. (Domizio et al. 

2022).  

 

Figure 29: Proposed mechanism of cGAS-STING-dependent type I IFNs mediating lung 

immunopathology during severe COVID-19. SARS-CoV-2 infection of the alveolar-

capillary interface induces mitochondrial dysfunction in endothelial cells with cytoplasmic 
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accumulation of mtDNA, and the subsequent activation of the cGAS-STING-dependent type I 

IFNs production driving cell death. Subsequently, perivascular macrophages engulf the dead 

cells, which in turn activates cGAS that detects damaged DNA from endothelial cells, 

subsequently activating STING, IRF3, and NF-κB. This activation amplifies the production of 

type I IFNs and pro-inflammatory cytokines, contributing to development of severe forms of 

COVID-19 (Domizio et al. 2022). 

Taking together, these studies provide valuable insights into the involvement of the 

cGAS-STING pathway during respiratory viral infections or chronic lung inflammation, and 

suggest that this pathway should be finely balanced when considering a therapeutic strategy.  

 

 

4.c) Immune-modulation of STING, the central hub of DNA sensing, as a 

therapeutic strategy.  

Being sometimes a friend and other times a foe, not only in different diseases but also 

within the same disease at different stages, tight control of STING activation appears inevitable. 

Boosting STING in a context of immune-desert TME or early phases of viral infections, holds 

great promise as a strategy to enhance innate responses for the elimination of transformed or 

infected cells. In contrast, in autoimmune and auto-inflammatory diseases such as SAVI or 

SLE, as well as in exaggerated anti-viral response, inhibition of STING became crucial to 

rescue the deleterious response.   

4.c.1) STING activation  

The therapeutic potential of activating STING pathway in triggering tumor cell death, 

(as discussed above), paved the road for the development of several STING agonists.  To date, 

STING activators can be classified into three distinct categories: cyclic dinucleotides (CDNs), 

chemically modified CDNs and non-nucleotidic small molecules, as extensively reviewed 

(Ding et al. 2020; Amouzegar et al. 2021; Li Q et al. 2021; Guerini D. 2022; Garland et al. 

2022).    

All naturally occurring CDNs such as the mammalian non-canonical 2’3’-cGAMP, 

which exhibits affinity for all hSTING isotypes have limited potential as drug candidates due 

to their metabolic instability and limited membrane permeability and are susceptible to 

hydrolytic degradation by ENPP1 in the extracellular space. Several reports suggest that 

encapsulating cGAMP improves membrane permeability and increases its activity as an 

effective adjuvant. Endosomal polymersomes encapsulating cGAMP increase its activity by 



91 
 

several orders of magnitude, resulting in improved response to immune checkpoint blockade, 

inhibition of experimental tumor growth in mice, and increased long-term survival rates when 

administered both intravenously and intratumorally (Shae et al. 2019). Intranasal administration 

of lipid nanoparticles-containing cGAMP combined to influenza vaccine, conferred a stronger 

humoral CD8+ T cell immune response against both in early phase of infection (Wang et al. 

2020). Subsequently another group confirmed the efficacy of this approach by using cutaneous 

vaccination to enhance the anti-IAV response in the lung and spleen (Zhu et al. 2022). 

CDNs were chemically modified to overcome extracellular hydrolysis and improve 

membrane permeability and stability. As an example, the promising ML-RR-S2 CDA (ADU-

S100) launched by Novartis, known to activate all hSTING isoforms, and the Merck’s CDN 

MK-1454 tested alone or in combination with pembrolizumab respectively (anti-PD-1 

antibody), and administrated intratumorally for head and neck cancer patients, showed limited 

clinical response (NCT04220866, NCT03937141). This could be explained by their high 

aqueous solubility and their relatively large size (Koshy et al. 2017). CDNs exhibit a higher 

molecular weight, frequently exceeding 700 Da versus less than 500 Da for the traditional 

synthetic drug molecules (Li L et al. 2014).    

This poor pharmacokinetics prompted researchers to design a next-generation of non-

CDN small molecules agonists including diABZI (Ramanjulu et al. 2018), MSA-2 (Pan B et al. 

2020) and SR-1717 (Chin et al. 2020). Much attention was crystallized around the potent 

diABZI described by Ramanjulu and collaborators at GlaxoSmithKline during the anti-Covid 

research era. First released as ABZI (compound 1), a molecule that binds a subunit of the 

hSTING homodimer with relatively low potency compared to the natural agonist (cGAMP), a 

dimer of ABZI (diABZI, compound 2) was then created to increase the potency. Compound 2 

yielded in 18-fold higher dose-dependent secretion of IFN-β in human PBMC than cGAMP. 

Subsequently, compound 2 was further ameliorated to give rise to the diABZI compound 3, 

which is known to be 400 times more potent than cGAMP in vitro in human PBMC. They 

further showed that unlike other agonists, diABZI maintains an open STING conformation and 

can bind both the mSTING and several hSTING isoforms (Ramanjulu et al. 2018).              
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Figure 30: Dimeric amidobenzimidazole (diABZI) STING agonist development. (A) ABZI 

(compound 1) with relatively low potency (B) diABZI STING agonist (compound 2) with 

enhanced potency and ~ 18-fold higher in vitro activity compared to the natural CND (C) Fully 

optimized diABZI STING agonist (compound 3) ~ 400-fold higher in vitro activity compared 

to the natural CND. (D) The “Open Lid” configuration of hSTING dimer bound to diABZI 

compound 2 (Garland et al. 2022). 

 

When tested in vivo in mice bearing CT26 colorectal tumors at 1.5 mg/Kg intravenously, 

diABZI showed a promising effect in inhibiting tumors growth. In 2019, the GSK3745417, a 

diABZI scaffold underwent clinical trials in patients with advanced solid tumors, administered 

intravenously with and without the anticancer agent, dostarlimab (NCT03843359). The study 

is expected to be concluded by August 2024. In 2022, GSK3745417 entered a new clinical 

study planning administration intravenously alone in patients with refractory myeloid 

malignancies (NCT05424380). The study is expected to end by December 2025.    

  



93 
 

Figure 31: Direct intracellular STING activation strategies. Exogenous DNA activating 

cGAS and subsequently STING can be degraded by DNA ecto-nucleases before it reaches the 

cytoplasm. Natural CDNs are relatively small and can be imported by membrane channels and 

transporter such as LRRC8/VRAC, P2X7R and SLC19A1 but still show moderate membrane 

permeability due to hydrolytic degradation by ENPP1 in the extracellular space. Modified 

CDNs are non-hydrolysable and show an enhanced STING activation. Relatively high 

concentration of CDNs is required to induce measurable STING activation. Non-CDN small 

molecule STING agonists have the potential to passively cross the plasma membrane. 

Liposomes encapsulating STING agonists can enhance their cellular permeability (Garland et 

al. 2022).       

 

STING activation can be enhanced by indirect strategies, such as the use of the 

phosphanate analogue STF-1084, an ENPP1 inhibitor to prolong the lifespan of extracellular 

cGAMP (Carozza et al. 2020). When combined with cancer treatment, where tumors were 

found to highly express ENPP1 at their surface (Li J et al. 2021), STF-1084 enhanced IFN-β 

production and potentiated the conventional anti-cancer therapeutics (Carozza et al. 2020), 

(Schadt et al. 2019).     

Recently, Ji Y et al. identified a novel endogenous mechanism that modulates baseline 

STING. They showed that steady-state STING level is negatively regulated by the E3 ubiquitin 

ligase HRD1 within the ER-associated degradation (ERAD) complex, which is known to target 

misfolded ER proteins for proteosomal degradation. This, in turn, dampens innate immunity by 

limiting the size of the STING pool that can be activated. Interestingly, deficiency of SEL1L, 

an essential cofactor for HRD1 was sufficient to increase STING levels in macrophages, which 

subsequently ameliorated response to dsDNA and STING agonists, and amplified innate 

immunity against HSV1 viral infection and tumor growth (Ji Y et al. 2023). Thus, targeting the 

SEL1L–HRD1 ERAD axis represents a new strategy to enhance STING activation in an 

indirect manner.      

4.c.2) STING inhibition 

In interferonopathies or late phase infections, mitigating type I IFN through modulation 

of STING is of great interest.  

To pharmacologically inhibit STING, several small-molecule compounds, including 

Astin C (Li S et al. 2018), SN-011 (Hong et al. 2021), compound 1 and compound 18 (Siu et 

al. 2018) target STING ligand-binding pocket. SN-011 demonstrated effectiveness in inhibiting 

hallmarks of auto-inflammation in the context of SAVI, and significantly reduced inflammatory 

cytokines including interferons in Trex1-/- mice. It also inhibited inflammation induced by 2'3'-
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cGAMP, herpes simplex virus type 1 infection or overexpression of cGAS-STING (Hong et al. 

2021).  

STING palmitoylation of Cys88 and Cys91 residues is a necessary step for STING 

multimerization and subsequent binding of TBK1 (Mukai et al. 2016). Several chemical 

molecules, inspired by the naturally occurring nitro-fatty acids (NO2-FAs) and its mode of 

action (Hansen et al. 2017), were designed to target these sites, such as the potent nitro-furan 

derivative H-151, C-170, C-171, C-176 and the C-178 in an irreversible way (Haag et al. 2018). 

These compounds were effective in disease models such as psoriasis (Pan et al. 2021).   
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Current challenges and aims of the thesis 

In the current, highly concerning climatic context, recent studies indicate that the 

increasing temperatures we are experiencing are instructing plants to start pollen seasons earlier 

and make it last longer. Thus, increasing the duration of exposition to pollen. Furthermore, the 

high atmospheric CO2 levels resulting from pollution caused by hyper-industrialization, not 

only weakens respiratory barriers, but also enhances the allergenic potential of pollen (Singh & 

Kumar. 2022; D'Amato et al. 2023). Indeed, pollutant particles weaken the pollen grain’s outer 

membrane, resulting in smaller fragments that can penetrate more deeply the respiratory 

airways (Verscheure et al. 2023).  

Furthermore, global warming is expected to increase the frequencies of new pandemics 

(Gupta et al. 2021; Marani et al. 2021), like the one that affected us in 2019, resulting in the 

death of 6 million people worldwide. The migration of humans and animals as climate refugees 

will gather hosts whose immune systems have not evolved to counter the same pathogens, thus 

easing the transmission of viruses and bacteria. 

Taken together, these data indicate that in the very near future, respiratory disorders risk 

to become more prevalent. The World Health Organization (WHO) predicts that by 2050, the 

prevalence of allergic diseases may double, 50% of the world population could be affected by 

allergies. In this context, individuals with asthma may develop severe airway inflammation with 

same characteristics as ARDS. Therefore, it is urgent to understand the mechanisms responsible 

for exacerbating respiratory pathologies, to develop new therapeutic approaches, and test the 

safety of these strategies.  

As discussed in the introduction, the role of self-DNA in triggering sterile and infectious 

innate inflammatory responses is now well known. Through the study of these two respiratory 

disorders, we principally aimed at evaluating and characterizing the role of hyper-activation of 

the STING pathway in the mediation of (1) potential severe forms of acute respiratory distress 

syndrome (ARDS), occurring during uncontrolled respiratory viral infection, or (2) 

severe/exacerbated allergic asthma, which may occur when individuals with asthma are infected 

with respiratory viruses/bacteria or exposed to air pollution.  

Several studies have suggested the use of a STING agonist, such as diABZI, as a 

therapeutic strategy to reduce SARS-CoV-2 viral load. We sought to determine at steady state 

the immunomodulatory mechanisms induced by this candidate therapeutic molecule. We 

wanted to determine whether pharmacological boosting of the STING pathway, is limited to 
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the activation of the type I IFN pathway, which is highly desirable during viral infection, or 

whether it may also propagate inflammation and drives positive feedback loops of uncontrolled 

inflammation and tissue injury. In this latter case, it would be necessary to reassess the 

risk/benefit ratio of using diABZI or other STING agonists for the treatment of viral infections.  

In the Introduction section, we highlighted the involvement of the cGAS-STING 

pathway in the pathophysiology of classical Th2high asthma and its activation by respiratory 

viruses and particles pollution. On the other hand, we now know that respiratory viruses such 

rhinoviruses, SARS-CoV2, or IAV regularly drive asthma exacerbations, with lung neutrophils 

infiltration and Th1 mediators production. These severe neutrophilic forms of asthma episodes 

often lead to hospitalizations and render the pathology refractory to conventional treatments. 

Based on these information, we evaluated the impact of hyper-activation of the STING pathway 

on classical Th2high asthma immunopathology. We mimicked viral infection or particle 

exposure during allergic asthma, using a mouse model of HDM-induced allergic asthma 

sensitized to STING agonists in the airways. Following this experimental approach, we sought 

to assess the involvement of the STING pathway in mediating non-classical severe neutrophilic 

forms of asthma, and its potential to aggravate lung functional function and injury. In which 

case, careful attention should be payed to mitigating STING hyper-activation in clinical 

management of severe asthma exacerbation. 
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Results 

Article 1: STING agonist diABZI induces PANoptosis and DNA mediated 

acute respiratory distress syndrome (ARDS).  

Yasmine Messaoud-Nacer, Elodie Culerier, Stéphanie Rose, Isabelle Maillet, Nathalie Rouxel, 

Sylvain Briault, Bernhard Ryffel, Valerie F. J. Quesniaux, and Dieudonnée Togbe.  

Cell Death and Disease (2022) 13:269 ; https://doi.org/10.1038/s41419-022-04664-5.  

 

The interferons have always been considered to be the ultimate antiviral defense of the 

body. Indeed, mice lacking IFNα/β–receptor show impaired antiviral response. Furthermore, 

low IFN production in patients infected with SARS-CoV-2 correlated with low viral clearance, 

highlighting their clinical and therapeutic importance (Blanco-Melo et al. 2020; Hadjadj et al. 

2020).  

There are three interferons families: type I (IFN-α/β) and type III (IFN-λ) with canonical 

anti-viral properties, and type II (IFN-γ) with pro-inflammatory and immunomodulatory 

properties (Lazear et al. 2019). Anti-viral type I and type III IFNs signal through two distinct 

heterodimeric receptors namely IFNAR/IFNAR2 and IL28Rα/IL10Rβ, respectively. Both 

families signal through the JAK1-STAT-1/-2 pathway to activate the heterotrimeric 

transcription factor complex ISGF3. Activated ISGF3 comprises phosphorylated STAT1 and 

STAT2, and interferon regulatory factor 9 (IRF9), and translocates to the nucleus to bind the 

IFN-stimulated response elements (ISREs) in the promoter regions of ISGs (Katze et al. 2002), 

which encode circa hundred anti-viral proteins, such as OAS, MX1 or IFIT (Lazear et al. 2019).   

During the COVID-19 global pandemic, IFN therapy including all subtypes, was 

clinically administered to patients, in an attempt to manage the crisis. Jhuti et al. reported that 

among 11 trials examined, 5 studies reported a positive outcome, 4 reported minimal to no 

difference between IFN and the control, and 2 reported worst patient outcomes than the controls 

(Jhuti et al. 2022). Later, the discrepancies in these results were partially explained by the timing 

of IFN administration. Indeed, in acute infections, early administration of type I IFNs in 

experimental animals induces protective antiviral responses, whereas late administration of 

IFNs enhances pro-inflammatory cytokine responses and host tissue damage (Davidson et al. 

2014; Galani et al. 2017). Moreover, SARS-CoV-2 was found to delay the innate immune 

response as an immune evasion strategy (Li et al. 2021), highlighting the necessity to adapt the 

https://doi.org/10.1038/s41419-022-04664-5
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kinetics of IFN administration to enhance anti-viral immunity while limiting the collateral 

damage on host tissue.   

Li et al suggested the use of the STING agonist diABZI as an alternative therapeutic 

strategy to enhance type I IFN production during early phases of infection without the collateral 

damage. Their suggestion was motivated by the transitory character of IFN pathway following 

STING activation. In this study, they showed transient induction of IFNs and ISG that 

contributed to lower the viral load, while IFNβ treatment led to a sustained ISG expression and 

was less efficient than diABZI (Li et al. 2021). Another group confirmed the beneficial effect 

of diABZI on viral clearance (Humphries et al. 2021).  

Based on these findings, we sought to evaluate the lung immune landscape modulated 

by diABZI in immunocompetent mice, and to determine whether the transient type I IFN 

response reported in previous studies could induce tissue and cellular damage, which in turn 

could fuel a positive feedback loop between inflammation and damage.  

We first investigated the effect of the natural STING agonist cGAMP both in vivo by 

intra-tracheal administration, and in vitro in bone marrow-derived macrophages (BMDM) from 

wild-type and STING−/− mice. cGAMP induced lung neutrophilia as evidenced by CXCL1 

(KC) and MPO secretion in BALF, activation of inflammatory pathways including IRF3 and 

NFκB, and a massive lung injury associated with self-dsDNA released into the airway. In vitro 

stimulation of BMDM with cGAMP revealed an early production of type I IFNs as early as 2h 

post-treatment, with downstream ISG production (CXCL10) and expression of several DNA 

sensors, measured at 4h and further at 16h post treatment. 

We next tested the more stable and potent non-CDN STING agonist diABZI, first in 

vitro in both mouse immune cells (BMDM) and human epithelial cells. Likewise, diABZI 

induced type I IFN (α/β) and other pro-inflammatory cytokines production 16h after treatment, 

DNA damage evidenced by phosphorylation of γH2AX and cell death with markers of 

apoptosis, pyroptosis and necroptosis. In vivo, endotracheal administration of diABZI induced 

the production of IFN-α / IFN-β and pro-inflammatory IL-6 / TNF-α as a result of STING and 

NFκB pathway activation, respectively. We revealed the presence of critical amounts of self-

dsDNA, in part of mitochondrial original, indicative of cellular stress. A strong neutrophilic 

infiltration with the release of NETs was characterized in the lung. Histologically, important 

peribronchial infiltrates of inflammatory cells spread to lung parenchyma with signs of 

epithelial injury after diABZI administration.  



100 
 

Next, we further questioned the origin of dsDNA. Up to this point, we knew that dsDNA 

comes from cellular stress and also from NETosis. Several reports demonstrated that STING 

may directly mediate apoptosis. Moreover, the deployment of NETs could also be harmful to 

the lung tissue. We evaluated and showed the occurrence of apoptosis, and the most 

characterized lytic cell death pyroptosis and necroptosis in lung tissue after diABZI 

administration. The presence of the 3 cell death markers suggested PANoptosis, which 

prompted us to evaluate the formation of the PANoptotic complex by assessing the co-

localization of caspase-8, ASC and RIPK3 by confocal microscopy.  

Knowing the role that DNA can play in inflammation, we hypothesized that the released 

DNA could act as a second signal to amplify lung inflammation. To address this, we first 

analyzed the expression of several DNA sensors and found increased levels of cGAS (which 

was bypassed at the first inflammatory signal during STING priming with diABZI), but also of 

Aim2, Ifi204, Nlrp3, Ddx41 and Tmem173.  

To further characterize the role of DNA in mediating lung injury, diABZI-treated mice 

received either intratracheal administration of DNAase I, or intraperitoneal administration of 

Cl-Amidine, an inhibitor of NET formation. The degradation of circulating dsDNA by DNAase 

I resulted in reduced lung neutrophilia and NETs, and a reduced CD45+ necrotic Annexin V+ 

Propidium Iodide (PI) + and apoptotic Annexin V+ PI− cells. Likewise, efficient NET inhibition 

with Cl-Amidine treatment helped to reduce neutrophil infiltration in the lung and revealed the 

existence of an interplay between STING activation mediating lung damage and NET 

formation. Indeed, NET inhibition in diABZI treated mice resulted in reduced DNA damage 

evidenced by phosphorylated histone γH2AX, but also by all PANoptosis markers assessed. 

Moreover, lytic cell death assessed by Lactate dehydrogenase (LDH) released in the BALF was 

attenuated after inhibition. Thus, we provide the first evidence linking NETs to PANoptosis.  

Overall, our study demonstrated that therapeutic strategies using the STING agonist 

diABZI do indeed induce an early induction of type I IFNs, which may be beneficial for infected 

patients, to overcome viral innate immune evasion. However, the subsequent inflammatory 

cascade mediating host DNA damage, lytic cell death and lung tissue injury, reveals that the 

balance between benefit and risk can easily be reversed. This makes it difficult to fully 

appreciate the antiviral properties of the STING agonist diABZI, and poses additional 

challenges in defining the right doses and routes of administration to avoid controlling viral 

infection at the expense of compromising host lung function.  
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This study was published in Cell Death and Disease in March 2022.  
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Article 2: STING-dependent induction of neutrophilic asthma exacerbation 

in response to house dust mite. 
Yasmine Messaoud-Nacer, Elodie Culerier, Stéphanie Rose, Isabelle Maillet, Bernard 

Malissen, Urszula Radzikowska, Milena Sokolowska, Gabriel VL da Silva, Michael R 

Edwards, David J Jackson, Sebastian L Johnston, Bernhard Ryffel, Valerie F. Quesniaux, and 

Dieudonnée Togbe*  

Submitted article. 2023  

Persistent uncontrolled asthma despite high-dose oral corticosteroids (OCS) treatment 

is a hallmark of severe asthma exacerbations. In a subgroup of patient with asthma, there is 

evident involvement of neutrophils in the lungs, which increases disease severity and correlates 

with corticosteroid insensitivity. Understanding the immuno-inflammatory pathways that drive 

neutrophilic asthma will help select more appropriate treatments (Nair et al. 2020; Ragnoli et 

al. 2022)   

In this study, we hypothesized that the DNA sensing pathway cGAS-STING plays a 

role in neutrophilic asthma exacerbation following viral infection or exposure to pollution, and 

thus may represent a new therapeutic target. To test this hypothesis, we specifically targeted 

STING in vivo in mice, with STING agonists (cGAMP, diABZI) during allergic responses to 

house dust mite (HDM), and analyzed inflammatory parameters.   

STING agonists, especially diABZI, induced a strong neutrophil infiltration in the lung, 

and type 1 (Th1) immune response besides the preexisting Th2 immune response, while 

worsening HDM-induced lung resistance, thus mimicking the most important neutrophilic 

asthma exacerbation hallmarks. Furthermore, we demonstrated for the first time that infiltrated 

neutrophils following STING hyperactivation exhibit a pro-inflammatory N1 profil (NOS2+ 

ARG1-) with strong NET release, unlike the HDM-induced neutrophils with a N2 profil (NOS2+ 

ARG1-). Locally in lung tissue, we showed important increased leukocyte infiltration, epithelial 

injury, with decreased goblet cells. We also showed evidences of DNA damage and cell death 

markers suggestive of PANoptotic cell death. 

Despite the highly pathogenic role played by pro-inflammatory neutrophils in 

neutrophilic asthma exacerbation, alveolar macrophages were found to be one of  the main lung 

cell types responsible for the uptake of the natural STING agonist cGAMP in vivo (She et al. 

2021). We investigated the contribution of macrophages and granulocytes using conditional 

STING-deficient mice. Inflammatory parameters assessed such as neutrophil infiltration, type 
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I IFN and NET release were partially reduced in conditional STING deficient mice compared 

to wild-type controls. These results suggested that inflammatory cells play a role in shaping the 

exacerbated response, but are not exclusively.  

The previous results, prompted us to question the role of structural lung epithelial cells. 

We showed that STING agonists further weaken the HDM-induced barrier disruption in vivo 

in mice by down-regulating tight junctions. Moreover, human bronchial epithelial cells and air-

liquid bronchial epithelial cell cultures mimicking the respiratory barrier showed the ability to 

respond to STING agonists with evidence of STING pathway activation, pro-inflammatory 

cytokine induction and DNA damage that will further fuel the inflammation.  

To further validate the relevance of our mouse model of neutrophilic exacerbation, we 

tested whether the STING pathway was also hyperactivated in patients with asthma undergoing 

respiratory infections, or in patients with severe asthma as compared to healthy controls. To 

this purpose, we analyzed with the help of collaborators, publicly available data from bronchial 

epithelial cells stimulated in vitro with RV-A16 rhinovirus, bronchial brushings from patients 

with asthma and healthy controls experimentally infected with rhinovirus in vivo, and PBMC 

from patients with severe asthma and controls. Indeed, we found an increased expression of the 

STING pathway in bronchial epithelial cells from patients with asthma compared to the controls 

after rhinovirus infection. This expression was accompanied by an increase in several 

PANoptosis-related genes, and a decreased expression of several tight junction genes, after 

rhinovirus infection in patients with asthma as compared to the controls. Furthermore, by 

analyzing the neutrophil signature in bronchial brushings from experimentally infected 

individuals, we found that NOS2 was increased while ARG1 was decreased after rhinovirus 

infection in patients with asthma as compared to the controls.  

These results indicate that uncontrolled STING activation, e.g. after rhinovirus 

infection, may drive neutrophilic exacerbation in patients with asthma, and shift the immune 

response from a classical Th2-high response to a mixed Th1/Th2 response. Therefore, 

considering STING inhibitors as therapeutic strategy, alone or in combinaison with other 

treatments, may improve the condition of patients with severe asthma. 

This article has been submitted to the Journal of Allergy and Clinical Immunology in July 2023. 
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Abstract (250 words) 

Background: Severe refractory, neutrophilic asthma remains an unsolved clinical problem. 

STING agonists induce a neutrophilic response in the airways, suggesting that STING 

activation may contribute to trigger neutrophilic exacerbation.  

Objectives: Determine whether STING-induced neutrophilic lung inflammation mimics severe 

asthma. 

Methods: We developed new models of neutrophilic lung inflammation induced by house dust 

mite (HDM) plus STING agonists diamidobenzimidazole (diABZI) or cGAMP in wild-type, 

and conditional-STING-deficient mice. We measured DNA damage, cell death, NETs, 

cGAS/STING pathway activation by immunoblots, N1/N2 balance by flow cytometry, lung 

function by plethysmography, and Th1/Th2 cytokines by multiplex. We evaluated diABZI 

effects on human airway epithelial cells from healthy or patients with asthma, and validated the 

results by transcriptomic analyses of rhinovirus infected healthy controls vs patients with 

asthma.  

Results: 

DiABZI administration during HDM challenge increased airway resistance, neutrophil 

recruitment in the airways with prominent NOS2+ARG1- type 1 neutrophils, protein 

extravasation, cell death by PANoptosis, NETs formation, extracellular dsDNA release, DNA 

sensors activation, IFN, IL-6 and CXCL10 release. Functionally, STING agonists exacerbated 

HDM-induced lung resistance, while TLR3 agonist Poly(I:C) spared lung function. DiABZI 

caused DNA damage, epithelial barrier damage, and STING pathway activation in human 

airway epithelial cells exposed to HDM, in line with DNA-sensing and PANoptosis pathways 

upregulation and tight-junction downregulation induced by rhinovirus challenge in patients 

with asthma.  

Conclusions: Triggering STING in allergic context may shape the inflammatory response 

toward mixed Th1/Th2 immune responses and recapitulate features of severe neutrophilic 

asthma. Thus, targeting STING pathway might be considered in severe asthma including 

seasonal respiratory viral exacerbation. 
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Key Message 

• STING agonists trigger neutrophilic asthma development and PANoptosis. 

• STING agonists induce N2 versus N1 neutrophil polarization. 

• Human transcriptome GEO database analysis reveals DNA sensing pathway activation 

and NOS2/ARG1 imbalance following rhinovirus infection in patients with asthma.  

Capsule summary 

STING activation during allergic challenge mimics severe neutrophilic asthma exacerbation, 

with switch toward N1 neutrophil polarization and lung functional damage, highlighting the 

importance of controlling STING during asthma attacks. 

Keys words: DNA sensing, cGAMP, diABZI, cell death, PANoptosis, lung inflammation, 

neutrophils, neutrophil extracellular traps, airway hyperresponsiveness, asthma exacerbation, 

asthma endotypes. 
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Introduction (455 words)  

The most common reaction to several allergens such as house-dust mite (HDM) in allergic 

asthma endotype is IgE production depending on high Th2 responses with IL-4, IL-5 and IL-

13 release, mucus overproduction, eosinophil recruitment, epithelial metaplasia and airway 

remodeling 1. The ability of an allergen to initiate the first steps of type 2 immune response is 

based on direct epithelial cell damage and damage of associated cells forming the respiratory 

barrier. Allergenic toxins or proteases may cause necrotic cell death leading to a strong Th2 

response 2. Severe asthma is often associated with Th2 low and mixed endotype, increased 

neutrophils and extracellular DNA (eDNA) in patient sputum, with an increase in type 1 

cytokines IL-1 and IL-6 at the late onset of the disease, and unresponsiveness to 

corticosteroids or specific biologicals 1, 3-6. However, the molecular mechanism underlying 

severe neutrophilic asthma is more complex and remains unsolved.  

Extracellular host-derived DNA has been associated with allergic type 2 immune responses. 

Indeed, host DNA released from dying cells acts as a damage associated molecular pattern 

(DAMP) that mediates e.g. the adjuvant activity of alum 7. The detection of extracellular host-

derived dsDNA is ensured by cyclic GMP–AMP synthase (cGAS) which converts ATP and 

GTP into cyclic dinucleotide 2’3’cGAMP. The latter, in turn binds and activates the ER-

resident adaptor protein Stimulator of Interferon Genes (STING) which activates the 

transcription factors NF-kB and IRF3, and the production of pro-inflammatory cytokines 

including tumor necrosis factor (TNF), IL-6 and type I IFNs (IFN/) 8. 

Cytosolic dsDNA accumulated in airway epithelia of ovalbumin (OVA)- or HDM-challenged 

mice 9. Deletion of cGAS in airway epithelial cells attenuated OVA or HDM induced allergic 

airway inflammation, while cGAS promoted Th2 immunity likely by regulating airway 
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epithelial GM-CSF 9. Further, 2’3’cGAMP, produced after activation of cGAS by extracellular 

DNA, was shown to function as an adjuvant promoting type 2 allergic lung inflammation when 

administered during sensitization with HDM, with increased of serum IgE and eosinophils in 

the airways, an effect mediated by IL-33 and STING signaling pathway 10.  

Recently, we showed that endotracheal administration of cGAMP or the synthetic STING 

agonist diamidobenzimidazole (diABZI) led to lung inflammation with neutrophilic response 

in the broncho-alveolar space, cell death via PANoptosis, loss of epithelial barrier function, and 

release of self-dsDNA and NETs 11.  

Here, we asked whether activating STING pathway during challenges after immunization with 

the widely distributed house-dust mite allergen might affect the allergic response and trigger a 

neutrophilic exacerbation. We show that cGAMP and furthermore diABZI administration 

during challenge exacerbated HDM-induced lung resistance, neutrophil recruitment, protein 

extravasation and extracellular dsDNA release in the airways, with an overexpression of Th1 

cytokine IFN. We report differential expression of DNA-sensing and PANoptosis pathways 

after rhinovirus challenge in patients with asthma. 
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Methods (565 words) 

Mice  

Female C57BL/6Rj mice were purchased from Janvier Laboratories (Le Genest St Isle, France).  

Wild type mice and mice deficient for STING (STING-/-) 12 , cGAS (cGAS-/-) 13  were bred and 

housed under specific pathogen free conditions at CNRS animal facility (TAAM UAR44, 

Orleans, France). STING-OSTfl  were crossed to LysMCre mice to generate STING-OSTfl 

LysMcre mice. They were maintained in a 12-h light-dark cycle with food and water ad libitum, 

following European and local legislation. Age-matched, 8- to 12- week-old mice were used for 

experiments. All animal experiments complied with the French Government animal experiment 

regulations and ARRIVE guidelines. The protocols were submitted to the “Ethics Committee 

for Animal Experimentation of CNRS Campus Orleans” under the number CLE CCO 2019-

2017 and 2020-2006, and approved by the French Minister under APAFIS #25876 and #26195.    

Induction of allergic airway inflammation and bronchoalveolar lavage (BAL) 

Mice were anesthetized with 2% Isoflurane (ISO-VET, Netherlands) were sensitized with HDM 

on day 0 and 7 (25 μg/mouse, i.n.) and challenged with HDM (Stallergenes Greer) intranasally 

on 3 consecutive days (10 μg/mouse, i.n. on day 14-16), in the absence or together with cGAMP 

(at 1, 3 or 10 µg/mouse, i.t.), diABZI compound 3 (at 0.1 or 1 µg/mouse, i.t) or Poly(I:C) (at 60 

or 200 µg/mouse, i.t). Mice were analyzed on day 17, 24 hours after the last HDM instillation 

(Fig. 1A). 

 Bronchoalveolar lavage (BAL) was performed 24h after the last challenge by flushing lung 

tissue four times with 0.5 mL of cold NaCl 0.9% via tracheal intubation with a cannula. BALF 

was collected, cells counted and cytospins performed. The supernatant of the first lavage was 

collected after centrifugation and stored at -80°C for dsDNA and mediator quantifications. The 

left lung lobe was harvested for histology, the post caval lung for RNA extraction and qPCR 

analysis and the right lobes for Western blot analysis and cytokine measurement. Protein 
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extravasation in the BALF was measured by Pierce™ BCA Protein Assay (ThermoFisher®, 

Massachusetts). 

 

Cell Culture and stimulation 

Human airway epithelial cells (hAEC; Epithelix, Switzerland) isolated from bronchial biopsies 

(passage 1) were maintained in 75 cm2 flasks in the hAEC serum-free culture medium 

(Epithelix). hAEC (passage 8) were seeded in 24-wells plate at 5 x 105 cells/well, when they 

reached 80% confluence. Cells were stimulated with HDM at 100 µg/mL alone or in 

combination with diABZI (10 µM), cGAMP (14 µM) or Poly(I:C) (100 µg/mL) for 2 or 24h at 

37°C and 5% CO2.  Human airway bronchial epithelium (MUCILAIR™; Epithelix, 

Switzerland), from a single healthy or donor with asthma were maintained in MUCILAIR™ 

serum-free medium (Epithelix) and stimulated on the apical face, with HDM at 100 µg/mL 

alone or in combination with diABZI, cGAMP or Poly(I:C) as above for 6h. Supernatant from 

hAEC and MUCILAIR™ cultures were collected for mediator measurements and cells 

harvested for mRNA and proteins analysis.  

 

Statistical Analysis     

Statistical analysis was performed with GraphPad Prism 9.0 software (San Diego). To 

determine whether the data come from Gaussian distribution, column statistic using Shapiro-

Wilk normality test is performed before running the statistical analysis.  Statistical significance 

was determined by non-parametric Kruskal-Wallis multiple-comparisons tests followed by 

Dunn post-test or two-way ANOVA followed by Dunn post-test as indicated in figure legends. 

All data are shown as mean ± SEM. Saline control data are compared with HDM group. HDM 

-/+ agonist groups are compared. P value <0.05 was considered significant. *p <0.05, **p 

<0.01, ***p <0.001 and ****p <0.0001.  
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Results (2614 words)  

Synthetic STING agonist diABZI triggers a neutrophilic asthma exacerbation in HDM 

sensitized mice. 

To evaluate how STING activation by agonists modulate type 2 immune response, we tested 

their effects during the challenge phase of HDM-induced allergic lung inflammation in mice. 

We compared the effect of the natural STING agonist cGAMP, and of the potent, non-

nucleotidyl STING agonist diABZI 14, to the TLR3 agonist dsRNA Poly(I:C), all known to 

induce IRF3-type 1 IFN response. Wild type BL6 (WT) mice sensitized with HDM on day 0 

and 7 (25 μg/mouse, i.n.) and challenged on day 14-16 (10 μg/ mouse, i.n.) received either 

diABZI (1 µg/mouse, i.t.), cGAMP (10 µg/mouse, i.t.), or Poly(I:C) (200 µg/mouse, i.t.), doses 

determined from previous titrations (Suppl Fig E1-3), and were analyzed on day 17, 24-hours 

after the last challenge (Fig 1A). First, we evaluated airway hyperresponsiveness (AHR), one 

of the hallmarks of allergic asthma known to correlate with disease severity 15, 16.  There was a 

significant increase of AHR in HDM-challenged WT mice at a dose of 200 mg/mL of 

methacholine (MCh), as compared to saline control (Fig 1B). Administration of diABZI during 

HDM challenge further increased AHR significantly, while cGAMP increased AHR only at 

200 mg/mL of MCh, and Poly(I:C) had no effect, compared to untreated HDM-challenged mice 

(Fig 1B). DiABZI and cGAMP administration had little effect on eosinophil recruitment in the 

airways (Fig 1C), while they strongly increased neutrophil recruitment (Fig 1D) in HDM-

challenged mice. Interestingly, diABZI and cGAMP promoted a subsets of neutrophils 

expressing inducible nitric oxide synthase (iNOS/NOS2) corresponding to type 1 neutrophils 

(N1, NOS2+ARG1-) while decreased the frequency of arginase 1 (ARG1) expressing type 2 

neutrophils (N2, NOS2-ARG1+) (Fig 1E, Suppl Fig E4A-D). This increase in N1 neutrophils 
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was associated with higher myeloperoxidase (MPO) in BALF and lung (Fig 1F-G), total protein 

extravasation (Suppl Fig E4E) and dsDNA release in BALF (Fig 1H). There was also an 

increase in macrophages, but not in lymphocytes influx in BAL (Suppl Fig E4A-C) or Th2 

cytokines IL-4, IL-5 and IL-13 (Suppl Fig E4F-K). The exacerbation effect was observed 

especially with diABZI, inducing a strong IFN response (Fig 1I) with CCL11, IL-6 and TNF 

release in the airways (Suppl Fig E4L-P). Further, IFN/, the end-products of STING 

pathway activation were increased in BALF upon diABZI administration (Fig 1J, K).    

 

STING agonists induced a narrowing of the airways with severe infiltration of inflammatory 

cells in the peribronchial area, epithelial injury, bronchiolitis, alveolitis and decreased goblet 

cells hyperplasia and production of mucus together with a decrease in Muc5ac transcripts in the 

lung compared to HDM-challenged mice (Fig 1L-P), while TLR3 agonist caused no major 

changes (Fig 1L-O). Muc5AC protein concentration doubled in BALF after administration of 

STING or TLR3 agonists while it was essentially unaffected in the lung (Fig 1Q-R). STAT6, 

the transcription factor involved in Muc5ac gene induction and mucus hypersecretion 17 was 

phosphorylated in the lung of HDM challenged mice and this was increased by STING or TLR3 

agonists (Fig 1S, Suppl Fig E4Q).  

Thus, administration of the potent STING agonist diABZI during HDM challenge augmented 

HDM-induced lung resistance, together with a strong neutrophilic response characterized by 

neutrophil recruitment, MPO expression, protein extravasation, overexpression of Th1 cytokine 

IFN and extracellular dsDNA release in the airways.  

 

NETosis and PANoptosis as main sources of airway dsDNA fueling STING-triggered 

exacerbation of HDM inflammation. 
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Extracellular dsDNA release is an active process in several chronic inflammatory diseases. 

Therefore, we first assessed the ability of neutrophils to form NETs 18, 19. Indeed, MPO staining 

demonstrated that unlike HDM-treated mice that showed localized cellular staining, the lung of 

cGAMP- and more importantly diABZI-challenged mice exhibited the typical morphological 

shape of NETs (Fig 2A), with citrullinated histone H3 (Cit-H3) revealed by immunoblot (Fig 

2B, suppl Fig E5A). In contrast, Poly(I:C) did not result in the formation of NET, with 

intracellular MPO staining and absence of Cit-H3 (Fig 2A-B). DNA damage was documented 

by increased pγH2AX after both diABZI and cGAMP challenges, but less after Poly(I:C) 

administration (Fig 2B, suppl Fig E5A).                                                                                                                                                                                                                                                                                                                                                                                     

NETs comprise host DNA fibers coated with cytoplasmic proteases, making host DNA 

available to activate DNA sensors. Indeed, cGAS, IFI204 and/or DDX41 expression increased 

in the lung of HDM and STING agonist challenged mice (Fig 2C, suppl Fig E5B). Further, 

there was evidence of inflammasome activation, likely involving AIM2 and/or NLRP3, with 

non-canonical caspase-11 upregulation, resulting in cleavage of IL-1β and IL-18 release after 

STING trigger (Fig 2D, suppl Fig E5C).  

NETs associated molecules such as MPO, neutrophil elastase and defensins may promote lung 

injury, and directly induce epithelial and endothelial cell death 18, 20.  HDM-immunized and 

challenged mice co-administered with STING or TLR3 agonists induced caspase 3 cleavage 

indicative of apoptosis in the lung tissue, but also cell death markers of necroptosis and 

pyroptosis with upregulation of Mixed Lineage Kinase domain Likepseudokinase (MLKL) and 

Gasdermin D (GSDMD), and GSDMD cleavage indicative of PANoptosis (Fig 2E, suppl Fig 

E5D). We further assessed specific components of the macromolecular complexes regulating 

PANoptosis by immunoblot. Indeed, Z-DNA binding protein 1 (ZBP1), caspase-8 and RIPK3 

were upregulated after challenge with STING or TLR3 agonists in HDM-treated mice (Fig 2E, 

suppl Fig E5D). We also demonstrated a co-localization of PANoptosis components Caspase-
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8, ASC and RIPK3 proteins in macrophages from BAL cells (Fig 2F) which is absent in 

neutrophils (Suppl Fig E5E). 

Therefore, neutrophils induced during HDM challenge with STING agonists undergo NETs 

formation, expose host DNA to activate innate immune DNA sensors, inducing lung tissue 

damage and death by PANoptosis, amplifying DNA release as a positive feedback loop. 

 

STING dependence of the neutrophilic exacerbation of HDM-induced response. 

To evaluate the STING specificity of diABZI induced asthma exacerbation, response to the 

extracellularly released dsDNA, mice deficient for STING (STING-/-) or cGAS (cGAS-/-) were 

sensitized and challenged with HDM with or without diABZI as above (Fig 3A). DiABZI-

induced increase of neutrophils was absent in the airways of HDM-challenged STING-/- mice, 

and reduced in cGAS-/- mice (Fig 3B), as were total inflammatory cells, macrophages and 

lymphocytes, or the decreased recruitment of eosinophils (Suppl Fig E6A-D).  In addition, 

diABZI-induced increase of MPO and extracellular dsDNA (Fig 3C-E), or protein 

extravasation, IFN, TNF, IL-6, and CXCL10 (Fig 3F-K) release were abolished in the airways 

of HDM-challenged STING-/- mice, while they were barely affected in cGAS-/- mice.  Because 

allergic airway inflammation triggers Th2 immune response, we evaluated Th2 cytokines and 

found increased IL-4 and IL-5 transcripts and proteins in HDM-challenged mice (Suppl Fig 

E6E, F and H, I). DiABZI further increased Th2 cytokine IL-13 and chemokines CCL11 and 

CCL24 in the airways, and this was absent in STING-/- and reduced in cGAS-/- mice (Suppl Fig 

E6 G, J-L). Pulmonary CXCR2+ and CXCR4+ expressing neutrophils subsets increased after 

diABZI challenge were reduced in STING-/- and cGAS-/- mice (Suppl Fig E6 O-R). 

The increased leukocyte infiltration, epithelial injury, with decreased goblet cells, mucus 

staining (Fig 3L-O) and Muc5ac transcript expression (Fig 3P) after diABZI administration in 

HDM-challenged WT mice were abolished in STING-/- mice, while they were barely affected 
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in cGAS-/- mice. DiABZI and HDM co-administration upregulated Tmem173 (STING) 

transcript expression in WT and cGAS-/- mice (Fig 3Q), while the increase in Mb21d1 (cGAS) 

transcripts was abolished in STING-/- mice (Fig 3R). 

IL-13 mRNA expression, a Th2 cytokine necessary for mucus metaplasia, increased after 

diABZI and HDM co-administration in WT mice, while it was barely affected in STING-/- or 

cGAS-/- mice. IL-13 binding triggers a STAT6-dependent transcriptional program involving the 

activation of Serpin1 and Clca1 (protein calcium-activated chloride channel 1) whose 

transcripts were overexpressed after diABZI administration in HDM-challenged WT mice but 

not in STING-/- mice (Fig 3S-V). On the other hand, the transcripts for Socs1, a negative 

regulator of Muc5ac expression 21, was overexpressed after diABZI co-administration in WT 

mice but not in STING-/- mice (Fig 3W), in line with the fact that STING activation was shown 

to enhance SOCS1 expression 22. 

Thus, diABZI-induced asthma exacerbation is mediated by STING pathway activation in terms 

of neutrophil recruitment, release of extracellular dsDNA and pro-inflammatory cytokines in 

the airways, increased epithelial injury with decreased goblet cells and mucus production, while 

the involvement of cGAS is more limited. 

 

STING-deficient macrophages and granulocytes mitigate asthma exacerbation in vivo.  

Neutrophilic inflammation is observed during asthma exacerbation but also in the airways of 

patients with severe asthma 23. In addition to neutrophils, macrophages are one of the main lung 

cell types responsible for the uptake of cGAMP in vivo 24. We investigated the contribution of 

both cell types in mice by generating conditional STING deficient mice. We crossed mice 

carrying STING-OST floxed alleles (STING-OSTfl) with LysMcre transgenic mice expressing 

Cre under the control of the LysM promotor to obtain STING-OSTflLysMcre/+ mice deficient 

for STING gene in myeloid cells such as granulocytes and macrophages, as well as STING-
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OSTflLysM+/+ control mice (Suppl Fig E7 A-D). Administration of cGAMP during HDM 

challenges resulted in a reduction of eosinophils and an increase in total cells, neutrophils, MPO 

and self dsDNA in BALF of STING-OSTflLysM+/+ control mice (Fig4 A-E and Suppl Fig 

E7E, G). These parameters were partially reduced in STING-OSTflLysMcre/+ suggesting that 

myeloid cells, but also other cell types contribute to shape the neutrophilic response after 

STING trigger (Fig4 A-E). cGAMP induced an increase in type I IFN/, as well as pro-

inflammatory cytokines TNF and IL-6 production in HDM-treated STING-OSTflLysM+/+ 

control mice that were partially reduced in STING-OSTflLysMcre/+ (Fig 4 F-I). The increase in 

peribronchial leukocytes infiltration and epithelial injury following cGAMP administration in 

STING-OSTflLysM+/+ mice was abrogated in STING-OSTflLysMcre/+ (Fig 4J, K). Moreover, 

protein extravasation in BALF was reduced in STING-OSTflLysMcre/+ mice in comparison with 

control mice (Suppl Fig E7F), which was suggestive of a less severe barrier disruption. 

Neutrophils infiltrating the lung of mice lacking STING in granulocytes/macrophages, were 

tested for their ability to form NETs. BAL cells from STING-OSTflLysM+/+ control mice 

challenged with HDM and cGAMP showed the formation of a weblike structure positive for 

MPO and Cit-H3 staining (Fig 4L), suggestive of NET formation. In contrast, this process was 

reduced in STING-OSTflLysMcre/+ group (Fig 4L), in line with the reduced histopathological 

damage observed.  

Thus, these data indicate that granulocytes/macrophages, but also other cell types, contribute to 

the development of STING-dependent neutrophilic asthma exacerbation in vivo.              

 

Epithelial cells respond to diABZI and may contribute to STING agonist-induced 

neutrophilic asthma exacerbation.  

Allergens cause airway epithelium damage and structural changes including downregulation of 

group I tight junction and extracellular matrix (ECM) expression which are often associated 

with asthma exacerbations and severity 25-27. The transmembrane proteins Zona-occludens-1 
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(ZO-1) are scaffold proteins important for cell-cell adhesion in healthy tissue and main 

regulators of epithelial permeability in allergic lung inflammation 26. After confirming the role 

of diABZI on immune cells infiltration, we investigated its effect on human airway epithelium. 

HDM led to ZO-1 downregulation in lung tissue compared to saline control (Fig 5A), as 

expected 26. STING agonists DiABZI and cGAMP, and Poly(I:C) further downregulated ZO-1 

expression as evidenced by immunofluorescence staining (Fig 5A). To evaluate the ability of 

diABZI to activate STING pathway in epithelial cells, human airway epithelial cells (hAEC) 

from bronchial biopsies were stimulated for 2h or 24h with HDM alone or in combination with 

diABZI, cGAMP or Poly(I:C). There was evidence of STING pathway activation with the 

detection of phosphorylated STING, TBK1 and IRF3 when hAEC were co-stimulated with 

diABZI detectable at an early stage, 2h post stimulation (Fig 5B, suppl Fig E8A). cGAMP and 

Poly(I:C) co-stimulation also induced TBK1 phosphorylation at 2h, that persisted after 24h with 

diABZI and cGAMP. Moreover, there was evidence of epithelial DNA damage in hAEC, 

revealed by phosphorylation of γH2AX at 2h and 24h post stimulation (Fig 5C, suppl Fig 

E8A), and some activation of necroptosis with the phosphorylation of MLKL at 2h (Fig 5C, 

suppl Fig E8A). Activating STING with diABZI in cells sensitized with HDM yielded in the 

secretion of inflammatory cytokines starting from 2h post stimulation that were sustained after 

24h, such as CXCL8, IFNβ, CXCL10, IL-6 and TNF-α (Fig 5 D-M).  

To further characterize the contribution of epithelial barrier, air liquid interface (ALI) culture 

of bronchial epithelial cells isolated from the lung of healthy donor and patient with asthma 

were performed and stimulated for 16h with HDM alone or in combination with diABZI, 

cGAMP or Poly(I:C (Fig 5 N). DiABZI induced an increased release of lactate dehydrogenase 

(LDH), IFN, IFN, IFN, CXCL10, IL-6 and TNF-α protein and overexpression of MUC5AC 

transcript in healthy epithelial cells sensitized with HDM (Fig 5 O-V), and less in epithelial 

cells from patient with asthma (Fig 5 O-V). Further, diABZI induced epithelial DNA damage 
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evidenced by the phosphorylation of γH2AX in epithelial cells from patient with asthma, 

compared to healthy cells (Fig 5 W). 

Thus, diABZI affected airway epithelium cells by activating STING pathway, impairing tight 

junctions, and inducing epithelial DNA damage, necroptosis and secretion of inflammatory 

cytokines, that may further fuel the lung inflammation. 

 

Viral infection of human bronchial epithelial cells from patients with asthma aggravates 

inflammation and weakens epithelial barrier both in vitro and in vivo.    

To ascertain the clinical relevance of these findings, we first analyzed the different expression 

of STING and PANoptosis pathways in PBMC from healthy controls or patients with severe 

asthma (Suppl FigE9). Indeed, host double-stranded DNA released by NETosis promote 

rhinovirus-induced asthma exacerbations 28. Therefore, we analyzed DNA-sensing, 

PANoptosis, tight junction, and neutrophils gene signatures from two independent studies 

addressing Rhinovirus (RV) infection in patients with asthma, either in vitro in differentiated 

primary bronchial epithelial cells (HBECs) from healthy and individuals with asthma 29, or in 

vivo in bronchial brushing from intranasally RV infected healthy controls and patients with 

asthma 30, 31 (Supl FigE10).  

Human epithelial cells from patients with asthma stimulated in vitro with RV-A16 (Fig. 6A) 

showed an upregulation of genes involved in DNA-sensing and STING pathway (Fig.6B) such 

as the DNA sensors ZBP1, IFI16 and the cytosolic TRIM21. IRF3 responsible of type I/III IFNs 

induction and anti-viral defense was also upregulated in the cells of these patients, concomitant 

with IFN-λ expression, while STING itself was not significantly downregulated. Analysis of 

tight-junction gene sets (Fig.6C) revealed the reduced expression of a whole cluster of genes 

such as OCLN, CLD3, CLDN4, NRAS, HCLS1, MYH10 in virus-infected cells from patients 

with asthma in comparison to the controls. Moreover, analysis of PANoptosis related genes set 
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revealed the upregulation and a tendency to upregulation of several components of the 

PANoptosome such as the pivotal ZBP1, PYCARD, CASPASE-8, RIPK1, CASPASE-1, and 

FADD after viral infection of the cells from patients with asthma compared to the controls 

(Fig.6D), which was not visible before RV infection (Suppl Fig E10A-D). Mucus genes such 

as MUC5AC and MUC5B were also upregulated (Suppl Fig E10E-F). 

Bronchial brushings from patients with asthma experimentally infected in vivo with RV-A1630 

(Fig. 6E) showed a decrease in a group of tight junction-related gene such as CLDN15, TJAP1, 

AKT2, SRC, CGN, EXOC3, LLG2, CLDN22, compared to similarly infected healthy controls, 

while CLDN12 and MYL12B genes were increased (Fig. 6F). PANoptosis components showed 

a tendency toward an increase 4 days after in vivo infection in patients with asthma compared 

to controls (Fig.6G), in contrast to the non-infected controls and patients with asthma, where 

the PANoptosis components were downregulated (Suppl Fig E9G-I). Moreover, the gene 

expression of IL-18 (IL18) was higher after infection in patients with asthma compared to 

healthy individuals (Fig.6G), in line with inflammasome activation31. Interestingly, the 

NOS2/ARG1 gene expression balance was disrupted in bronchial brushings. NOS2 was 

significantly increased after infection in patients with asthma compared to the controls, while 

ARG1 was downregulated in patients with asthma (Fig.6H-I). Overall, these analyses show an 

involvement of DNA sensing pathway, weakening of the epithelial barrier and upregulation of 

pro-inflammatory markers such as NOS2 after RV infection in patients with asthma.  
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Discussion (791 words) 

Here we demonstrate the existence of a tight link between STING activation during type 2 

allergic response challenge and asthma exacerbation, with reproduction of hallmark features of 

severe asthma and epithelial damage. Indeed, administration of synthetic STING agonist 

diABZI during HDM challenge induces asthma exacerbation by increasing epithelial damage, 

dsDNA release, DNA damage, cell death by NETosis and PANoptosis, and neutrophils influx 

in the lung. We highlight the partial requirement for STING expression in 

granulocytes/macrophages to induce asthma exacerbation. We show that co-stimulation of 

human epithelial cells with diABZI and HDM induces IL-6, TNF-, type I IFN/ and type III 

IFN release in vitro, with DNA damage and cell death. These results have important 

implications revealing STING agonists as inducers of asthma exacerbation and offer a 

mechanism through which dsDNA release after cell death triggers Th1 response and promotes 

neutrophilic asthma exacerbation. 

Host DNA released from dying cells was shown to mediate alum adjuvant activity 7, and 

cGAMP may function as a type 2 adjuvant promoting allergic asthma when administered during 

sensitization with HDM 10. Our previous findings showing neutrophilic response induced by 

STING agonists in the airways 11 prompted us to ask whether triggering STING during HDM-

challenge might affect the allergic response and promote a neutrophilic exacerbation.  

The potent STING agonist diABZI administered during HDM-challenge strongly exacerbated 

neutrophil recruitment and the release of IFN CXCL1/KC and CXCL10/IP10 in the airways. 

It induced some cell stress with extracellular dsDNA release, mobilized DNA sensors, and 

promoted an IFN response. Importantly, administration of diABZI during HDM-challenge 

functionally exacerbated HDM-induced lung resistance, while Poly(I:C) did not affect lung 

function. We verified that diABZI-induced neutrophilic response in HDM-challenged mice is 

fully dependent on STING pathway, as it is absent in STING-deficient mice, and showed a 
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limited involvement of cGAS. The increased neutrophil recruitment, together with the presence 

of extracellular DNA, MPO and Cit-H3 was indicative of NETs formation, that were indeed 

visible in the airways of HDM challenged mice after cGAMP or diABZI administration. Thus, 

STING agonist induction of NETosis may contribute to the neutrophilic exacerbation of HDM-

induced responses.  

STING agonists led to a reduction of goblet cell numbers and of mucus transcript in the lung 

of HDM-challenged mice, together with a strong release of mucus protein in the airways. A 

possible explanation is that diABZI induced epithelial barrier damage, documented by 

epithelium cell tight junction ZO-1 protein expression, leading to Goblet cells shedding and 

release of their mucus content, that may clog the airspace and contribute to the exacerbation of 

HDM-induced lung resistance.  

Several soluble mediators regulate the recruitment of neutrophils in the airways 23. Indeed, 

diABZI induced IFN CXCL1/KC and CXCL10/IP10 release in vivo in the BAL of HDM-

challenged mice, and CXCL8 in vitro in the supernatant of human epithelial cells. These 

mediators are potent neutrophil chemoattractants in the lung, CXCL10 facilitating the 

recruitment of Th1 cells producing IFN which, in turn, upregulates chemotaxis receptors of 

human neutrophils 32. Functional type I IFN signaling in neutrophils induces neutrophil 

maturation, and limits their lifespan by acting on both extrinsic and intrinsic apoptosis pathways 

but also by influencing the NETosis process 33. Indeed, we show increased mature neutrophils 

expressing high CXCR2 or CXCR4 in the airways after diABZI during HDM-challenge.  

Type I IFNs are essential regulators of neutrophil polarization, as shown in cancer, driving 

neutrophils from anti-inflammatory, pro-tumoral N2 phenotype into pro-inflammatory, anti-

tumoral N1 capable of cytotoxicity 33, 34. Here, we demonstrate that STING agonists strongly 

induced N1 (NOS2+ARG1-) subset. This phenotypic shift from N2 (ARG1+NOS2-) observed at 

HDM baseline response toward N1 pro-inflammatory after STING agonist challenge, may 
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shape neutrophils function and enroll them in NETs formation process, in part responsible of 

lung tissue damage. Conversely, the N2 (ARG1+ NOS2-) profile of Poly(I:C)-induced 

neutrophils may explain the lack of NET in the lung of Poly(I:C) treated HDM challenged mice. 

NOS2 and ARG1 are important enzymes regulating both macrophage and neutrophil functions 

and markers of alternative activation 35, 36. NOS2 has multiple roles in the airways, its 

expression being highest in severe asthma, while ARG1 decreases 37-40. We report increased 

NOS2 expression in RV-A16 infected patients with asthma, as compared to healthy controls. 

Further, transcriptomic analyses of RV-A16 infected cells from patients with asthma also 

indicated an involvement of DNA sensing, PANoptosis, and weakening of the epithelial barrier. 

Our study is the first to demonstrate the induction of this particular subset of N1, NOS2+ARG1-

neutrophils following STING activation.  

Triggering STING in an allergic context may shape the inflammatory response toward a mixed 

Th1/Th2 immune response and recapitulate features of severe neutrophilic asthma with 

increased lung resistance, NETosis and PANoptosis, increased epithelial injury, release of 

extracellular dsDNA and pro-inflammatory cytokines in the airways. Thus, targeting the 

STING pathway might be considered in severe asthma including seasonal respiratory viral 

exacerbation.  
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Figure 1: Endogenous STING agonists promote lung neutrophilia and exacerbate allergic 

airway inflammation. 

(A) Mice sensitized with HDM on day 0 and 7 (25 μg/mouse, i.n.) and challenged with HDM 

on day 14-16 (10 μg/mouse, i.n.) received either diABZI (1 µg/mouse, i.t.), cGAMP (10 

µg/mouse, i.t.), or Poly(I:C) (200 µg/mouse, i.t.) on day 14-16, and were analyzed on day 17. 

(B) Airway resistance to increased doses of methacholine (50-200 mg/mL Mch) was measured 

24h after the last HDM/agonist challenges. (C) Eosinophil and (D) neutrophil counts in BAL. 

(E) Flow cytometry analysis of NOS2/ARG1 expressing neutrophils pre-gated on singlet cells, 

and CD45+CD11b+Ly6G+F4/80-SiglecF- cells. (F, G) Myeloperoxidase (MPO) concentrations 

in BALF and lung determined by ELISA. (H) dsDNA measured in the acellular fraction of the 

BAL. (I) IFNγ, (J) IFN-α and (K) IFN-β concentrations in BALF measured by multiplex 

immunoassay. (L) Histology of lung sections stained with PAS, with semi quantitative 

pathology scoring of (M) goblet cells, (N) peribronchial infiltrates and (O) epithelial injury. 

Bars, left panel: 2.5 mm, right panel: 250 µm. (P) Muc5ac transcripts measured by real-time 

PCR (Q, R) Muc5ac protein in BALF and lung measured by ELISA. (S) Immunoblots of 

phospho-STAT6 and STAT6 with Actinβ as a reference. Data were presented as mean ± SEM 

with n = 8 mice per group. Each point represents an individual mouse. *p < 0.05, **p < 0.01, 

***p < 0.001, ****p < 0.0001 (Nonparametric Kruskal–Wallis with Dunn’s post-test). 

   

 

 

 



166 
 

 

 



167 
 

 

 



168 
 

 

Figure 2: NETosis, apoptosis, pyroptosis and necroptosis (PANoptosis) as main sources 

of airway dsDNA exacerbating HDM-induced lung inflammation. 

Mice sensitized and challenged with HDM received either diABZI, cGAMP, or Poly(I:C) as in Figure 

1, and were analyzed on day 17. (A) Visualization of NETs formation in lung tissue with the 

staining of DNA dye DAPI (Blue) and MPO (Yellow). Bars (20 µm). Tissue fluorescence 

intensity (TFI) of MPO staining in lung. (B) Immunoblot highlighting DNA damage with 

expression of Cit-H3 phospho-γH2AX and γH2AX with Actinβ as a reference. (C) Immunoblot 

of STING axis including phospho-STING, STING dimer, STING, phospho-TBK1, TBK1 and 

DNA sensors including cGAS, DDX41 and IFI204 with Actinβ as a reference. (D) Immunoblot 

of inflammasome activation including AIM2, NLRP3, Caspase-11, cleaved caspase-11, IL-1β, 

cleaved IL-1β and IL-18 with Actinβ as a reference. (E) Immunoblot of cell death axis showing 

cleaved caspase-3, caspase-3, MLKL, cleaved GSDMD, GSDMD, ZBP1, caspase-8, and 

RIPK3 with Actinβ as a reference. (F) Confocal microscopy showing Caspase-8 (green), ASC 

(red), RIPK3 (far-red/turquoise blue) and DNA dye DAPI (cyan) in BAL cells showing the 

colocalization of PANoptosome components. Bars, 2µm. 
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Figure 3: STING dependence of the neutrophilic airway inflammation exacerbation.  

(A) Wild-type (WT), STING-/- or cGAS-/- mice were sensitized with HDM on day 0 and 7 (25 

μg/mouse, i.n.), challenged with HDM on day 14-16 (10 μg/mouse, i.n.) without or with diABZI 

(1 µg/mouse, i.t.), and analyzed on day 17. (B) Neutrophils count in BAL. (C, D) MPO 

concentration in BALF and lung determined by ELISA. (E) dsDNA concentration in the BAL 

acellular fraction. (F) Protein concentration in BALF. (G) IFN-γ in BALF determined by 

multiplex immunoassay. (H, I) TNF-α in BALF and lung determined by ELISA. (J) IL-16 and 

(K) CXC10/IP-10 concentration in BALF measured by ELISA. (L) Histology of lung tissues 

stained with PAS of WT, STING-/- and cGAS-/- mice, with semi quantitative pathology scoring 

of (M) peribronchial infiltrates, (N) goblet cells and (O) epithelial injury. Bars, upper panel: 2.5 

mm, lower panel: 250 µm. (P-W) Muc5ac, Tmem173, Mb21d1, Il-13 Serpin1, Clc1, Spdef and 

Socs1 transcripts measured by real-time qPCR. Data were presented as mean ± SEM with n = 

6 ~ 8 mice per group. Each point represents an individual mouse. *p < 0.05, **p < 0.01, ***p 

< 0.001, ****p < 0.0001 (Nonparametric Kruskal–Wallis with Dunn’s post-test). 

 

 

 



172 
 

 

 



173 
 

Figure 4: STING-deficient macrophages and granulocytes mitigates asthma 

exacerbation in vivo in the lung.  

(A) STING-OSTflLysMcre/+ or STING-OSTflLysM
+/+

 mice were sensitized with HDM on day 0 

and 7 (25 μg/mouse, i.n.), challenged with HDM on day 14-16 (10 μg/mouse, i.n.) without or 

with cGAMP (10 µg/mouse, i.t.), and analyzed on day 17. (B) Eosinophils and (C) Neutrophils 

counts in BAL. (D) MPO concentration in BALF measured by ELISA. (E) dsDNA measured 

in the acellular fraction of the BAL. (F) Concentration of IFN-α and (G) IFN-β in BALF 

measured by luminex immunoassay. (H) IL-6 concentration (I) and TNF-α concentration in 

BALF measured by ELISA. (J) Lung tissue histology with PAS staining of STING-

OSTflLysMcre+
 or STING-OSTflLysM

+/+ 
mice with semi quantitative pathology scoring of (K) 

peribronchial infiltrates, epithelial injury and goblet cells. (L) Visualization of NET in BAL 

with the staining of DNA dye DAPI (blue), MPO (Green), CitH3 (Red). Bars, 20 µm. Data were 

presented as mean ± SEM with n = 8 ~ 13 mice per group. Each point represents an individual 

mouse. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (Nonparametric Kruskal–Wallis 

with Dunn’s post-test).  
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Figure 5. Epithelial cells contribute to the process of STING agonists-induced neutrophilic 

asthma exacerbation. 

(A) Immunofluorescence staining of Zonulin-1 (ZO-1) (RED) in lung tissue sections from mice 

treated by HDM and challenged or not with diABZI, cGAMP, or Poly(I:C) as in Figure 1, 

counterstained with DAPI (Blue). Upper panel: 20µm, lower panel: 5µm. Immunoblots of 

human airway epithelial cell (hAEC) stimulated with HDM at 100 µg/mL alone or in 

combination with diABZI (10 µM), cGAMP (14 µM) or Poly(I:C) (100 µg/mL) for 2 or 24h 

showing (B) STING pathway activation including phospho-STING, STING, phospho-TBK1, 

TBK1, phospho-IRF3, IRF3, phospho-STAT6 and STAT6, with Actinβ as a reference. (C) 

DNA damage and cell death axis including phospho-γH2AX, γH2AX, phospho-MLKL, MLKL 

and Actinβ as a reference. (D-M) Cytokines concentration of (D, I) IL-8/CXCL8, (E, J) IFN-

β, (F, K) IP-10/CXCL10, (G, L) IL-6 and (H, M) TNF-α in cell culture supernatant were 

measured by multiplex immunoassay at 2h (D-H) and 24h (I-M). Data were presented as mean 

± SEM with n = 3 independent wells from the same donor. (N) Human airway epithelium 

(MUCILAIR™) from a single healthy or donor with asthma were restimulated on the apical 

face, with HDM at 100 µg/mL alone or in combination with diABZI at 10 µM, cGAMP at 14 

µM or Poly(I:C) at 100 µg/mL. At 6h post-stimulation, (O) Lactate dehydrogenase (LDH) 

concentration was determined in the supernatant. (P-U) Multiplex immunoassay of IFN-α (P), 

IFN-β (Q), IFN-λ (R), IP-10/CXCL-10 (S), IL-6 (T) and TNF-α (U) concentrations in the 

supernatant. (V) MUC5AC transcripts measured by real-time PCR. (W) Immunoblot from 

epithelial cell homogenates from healthy and patients with asthma showing the expression of 

phospho-γgH2AX with Actinβ as a reference. Data were presented as mean ± SEM with n = 3 

independent wells from the same donor. *p < 0.05. (D-M) Nonparametric Kruskal–Wallis with 

Dunn’s post-test. 
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Figure 6. Upregulation of DNA sensing and PANoptosis pathways upon rhinovirus 

infection in patients with asthma  

(A) Human bronchial epithelial cells (HBECs) from patients with asthma (n = 6) and healthy 

controls (n=6), were infected with RV-A16 for 24h, and subjected to transcriptome analysis. 

(B-E) Heatmaps presented together with the corresponding log2 fold change (FC) expression 

changes (black bars) of (B) STING pathway-related genes, (C) Tight junction genes set, (D) 

PANoptosis-related genes, after in vitro RV-A16 infection in controls compared to HBEC from 

patients with asthma. Transcriptomic data were processed with the workflow available on 

https://github.com/uzh/ezRun.    

(E) Experimental in vivo RV RV-A16 infection in patients with asthma (n=17) and healthy 

individuals (n=7):  Transcriptomic analysis of bronchial brushings 14 days before and 4 days 

after in vivo infection. (F-G) Heatmaps presented together with the corresponding log2 fold 

change (FC) expression changes (black bars) of (F) Tight junction genes set, (G) PANoptosis-

related genes, after in vivo RV-A16 infection in controls compared to patients with asthma. (H) 

Heatmaps of neutrophilic signature before (right panel) and after (left panel) infection in 

controls compared to patients with asthma. (I) Violin plots representing gene expressing of 

NOS2 and ARG1 in healthy individual and patients with asthma, before (lower set) and after 

(Upper set) infection. Data was analyzed with Bioconductor microarray analysis workflow 

[https://www.bioconductor.org/packages/release/workflows/vignettes/arrays/inst/doc/arrays.ht

ml].  

All Heatmaps display normalized gene expression across the groups (row normalization). 

Asterisks demonstrate significantly changed genes with threshold p<0.05. p-value: *<0.05; 

**<0.005; ***<0.0005, ****<0.00005. Publicly available data under accession number: 

GSE185658 and GSE61141. Source data are provided as Source Data files. 

 

 

 

 

 

 

https://github.com/uzh/ezRun
https://www.bioconductor.org/packages/release/workflows/vignettes/arrays/inst/doc/arrays.html
https://www.bioconductor.org/packages/release/workflows/vignettes/arrays/inst/doc/arrays.html
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Figure 7: Graphical abstract 

STING agonists in the lung mediates neutrophilic exacerbation of allergic asthma in vivo.  

(A) Healthy airway epithelium with the presence of alveolar macrophages providing host defense (B) 

intranasal HDM sensitization induces allergic airway response characterized by an increase in goblet 

cells and mucus hypersecretion, important infiltration of eosinophils, macrophages, and to a lesser extent 

N2 neutrophils (ARG1
+
 NOS2

-
) together with Th2 cytokines signature (IL-4, IL-5, IL-13) leading to an 

increase in lung resistance. (C) Intratracheal administration of STING agonists (diABZI, cGAMP) in 

HDM sensitized mice, promotes airways neutrophils infiltration, with prominent pro-inflammatory N1 

(NOS2+ ARG1-) profile and NETs formation. STING agonits caused epithelial barrier damage, cell 

death and extracellular self-dsDNA release accompanied by Th1 and pro-inflammatory cytokine 

signature (IFNγ, TNF, IL-6, MPO) besides the Th2 cytokines. STING agonists increased mucus 
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secretion in the airways and functionally worsen lung function by amplifying lung resistance. Created 

with BioRender.com 

 

 

 

 

 

 

 

 

 

 



182 
 

 

 



183 
 

 

Suppl E1: Synthetic STING agonist diABZI triggers neutrophilic asthma exacerbation in HDM 

sensitized mice, induces DNA damages and upregulation of DNA sensors.  

 (A) Neutrophils and (B) Eosinophils counts in BAL. (C, D) MPO concentration in BALF and 

lung.  (E) Concentration of extracellular dsDNA in the acellular fraction of the BALF. (F) IL-

4, (G) IL-5 and (H) IFN-γ concentrations in BALF quantified by Luminex immunoassay. (I) 

Lung tissue histology PAS staining Bars, left panel: 2.5mm, right panel: 250µm, with pathology 

scoring of (J) goblet cells (K) Peribronchial infiltrates (L) Epithelial injury.  (M) Muc5ac 

transcripts measured by real-time PCR. Data were presented as mean ± SEM with n = 4-6 mice 

per group. Each point represents an individual mouse. *p < 0.05, **p < 0.01 (Nonparametric 

Kruskal–Wallis with Dunn’s post-test). 
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Suppl E2: Endogenous STING agonist 2’3’-cGAMP promotes lung neutrophilia, NETs 

formation, DNA damage and exacerbate the inflammatory response to House dust mite.  

(A) Neutrophils and (B) Eosinophils counts in BAL. (C, D) MPO concentration in BALF and 

lung.  (E) Concentration of extracellular dsDNA in the acellular fraction of the BALF. (F) IL-

4, (G) IL-5 and (H) IL-13 and (I) IFN-γ concentrations in BALF quantified by Luminex 

immunoassay. (J) Lung tissue histology PAS staining Bars, left panel: 2.5mm, right panel: 

250µm, with pathology scoring of (K) goblet cells (L) Peribronchial infiltrates (M) Epithelial 

injury.  (N) Muc5ac transcripts measured by real-time PCR. Data were presented as mean ± 

SEM with n = 6-15 mice per group. Each point represents an individual mouse. *p < 0.05, **p 

< 0.01, ***p < 0.001, ****p < 0.0001 (Nonparametric Kruskal–Wallis with Dunn’s post-test). 
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Suppl E3: Effect of Poly(I:C) on allergic asthma response to house dust mite 

(A) Neutrophils and (B) Eosinophils counts in BAL. (C, D) MPO concentration in BALF and 

lung.  (E) Concentration of extracellular dsDNA in the acellular fraction of the BALF. (F) IL-

4, (G) IL-5 and (H) IL-13 and (I) IFN-γ concentrations in BALF quantified by Luminex 

immunoassay. (J) Lung tissue histology PAS staining Bars, left panel: 2.5mm, right panel: 

250µm, with pathology scoring of (K) goblet cells (L) Peribronchial infiltrates (M) Epithelial 

injury.  Data were presented as mean ± SEM with n = 8 mice per group. Each point represents 

an individual mouse. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (Nonparametric 

Kruskal–Wallis with Dunn’s post-test). 
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Suppl E4 related to Fig.1:  

(A), Total cells (B) macrophages and (C) lymphocytes counts in BAL.  (D) Gating strategy of 

NOS2/ARG1 staining of pre-gated singlets (SSC-A/SSC-H), CD45+ (leukocytes) and 

CD45+CD11b+Ly6G+F4/80-SiglecF- (neutrophils). (E) Concentration of proteins in BALF. (F-

K) Th2 cytokines (F, I) IL-4, (G, J) IL-5 and (H, K) IL-13 in BALF and lung determined by 

multiplex immunoassay. (L, M) Eotaxine1 (CCL11) in BALF and lung measured by ELISA. 

(N, O) IL-6 concentrations in BALF and lung determined by ELISA. (P) TNF-α concentration 

in BALF determined by ELISA. (Q) Uncropped immunoblots of p STAT6, STAT6, Actinβ. 

Data are presented as mean ± SEM with n = 8 mice per group. Each point represents an 

individual mouse. *p < 0.05, **p < 0.01 (Nonparametric Kruskal–Wallis with Dunn’s post-

test).  
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Suppl E5 related to Fig.2:  

(A-D) Uncropped immunoblots of Cit-H3, pγH2AX, γH2AX, pSTING, STING, pTBK1, 

TBK1, cGAS, DDX41, IfI204, AIM2, NLRP3, CASP-11, cleaved CASP-11, cleaved IL-1β, 

IL-18, CASP-3, cleaved CASP-3, GSDMD, cleaved GSDMD, MLKL, ZBP1, RIPK3, CASP-

8 and Actinβ. (E) Confocal microscopy showing Caspase-8 (green), ASC (red), RIPK3 (far-

red/turquoise blue), and DNA dye DAPI (cyan) in granulocytes from BAL of mice treated by 

HDM challenged or not with diABZI 1 µg, cGAMP 10 µg, or Poly(I:C) 200 µg. 
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Suppl E6 related to Fig.3:  

 (A) total cells, (B) eosinophils, (C) macrophages and (D) lymphocytes counts in BAL. (E-G): 

Th2 cytokines (E) IL-4, (F) IL-5 and (G) IL-13 concentration in BALF measured by multiplex 

immunoassay. (H) Il-4 and (I) Il-5 transcripts in lung analyzed by real time qPCR. (J-L) 

Eotaxins (J, K) CCL11 concentrations in BALF and lung, (L) CCL24 concentration in BALF 

determined by ELISA. Flow cytometry analysis of (O) Neutrophils in BAL (P) Neutrophils 

expressing CXCR2+ in BAL (Q) Neutrophils expressing CXCR4+ in BAL (R) Gating strategy 

of CXCR2 and CXCR4 staining of pre-gated singlets (SSC-A/SSC-H), CD45+ CD11c- and 

CD45+CD11c-CD3-B220-CD11+Ly6Ghigh (neutrophils). Data are presented as mean ± SEM 

with n = 6 ~ 8 mice per group. Each point represents an individual mouse. *p < 0.05, **p < 

0.01, ***p < 0.001, ****p < 0.0001 (Nonparametric Kruskal–Wallis with Dunn’s post-test). 
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Suppl E7 related to Fig.4: Generation, identification and induction of allergic lung 

inflammation in myeloid-specific STING-deficient (STING-OSTflLysMCre/+) mice. 

(A) Mice conditionally containing a loxP sequence flanking the third exon of STING gene 

(STING-OSTfl/fl) were crossed with Lysozyme MCre mice, which expressed Cre recombinase 

downstream of the lysozyme LysM promoter (LysMCre). (B) Mice were genotyped using PCR 

analysis of DNA obtained from tail snip. STING-deficient (STING-OSTflLysMCre/+) mice have 

a 722-bp product for the loxP-targeted allele and a 700-bp product for the LysMCre allele. 

STING-OSTfl/fl mice have a 722-bp product for the loxP-targeted allele and a 501-bp product 

for the WT allele.  (C) STING protein expression of STING-OST in BMDMs by immunoblot.  

(D) Flow cytometry analysis of OST producing cells in STING-OSTflLysMCre/+ BMDMs. All 

genotypes were generated on C57BL6/N background. Data are presented from one experiment 

(n = 2, B–D). (E) total cells count in BAL (F) Proteins level in BALF. (G) Gating strategy of 

Neutrophils (CD45
+
CD11c

-
CD3

-
B220

-
CD11bhigh Ly6Ghigh) and Eosinophils (CD45

+
CD11c

-

CD3
-
 B220

-
 SiglecF

+
 IAIE 

-
CD11b

+
Ly6G

-
) cells in BAL pre-gated on singlets (SSC-A/SSC-H), 

CD45
+
 CD11c

-
 and non-lymphoid cells CD3

-
B220

-
. Data are presented as individual mouse.  
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Suppl E8 related to Fig.5:  

(A) Uncropped immunoblots of pSTAT6, STAT6, pSTING, STING pγH2AX, γH2AX, 

pTBK1, TBK1, pIRF3, IRF3, p MLKL, MLKL, pγH2AX and Actinβ. (B) Uncropped 

immunoblots of pγH2AX and Actinβ of cells from healthy controls and patient with asthma.  

 



204 
 

 

 



205 
 

Suppl E9 related to Fig.6: Single-cell RNAseq of PBMCs from healthy individuals or 

patients with severe asthma 

(A) PBMC cells isolated from whole blood of 5 patients with severe asthma A (n=6099) and 3 

healthy individuals (n=3315), and subjected to gene profiling using scRNA-Seq as described in 

the original study 1.  (B-C) Dot-plots showing the expression of (B) STING pathway-related 

genes and (C) PANoptosis-related genes. Publicly available data under accession number: 

GSE172495.  
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Suppl E10 related to Fig.6: Upregulation of DNA sensing and PANoptosis pathways upon 

rhinovirus infection in patients with asthma, as compared to non-infected individuals 

(A) Human bronchial epithelial cells (HBECs) from patients with asthma (n = 6) and healthy 

controls (n=6), were infected with RV-A16 for 24h, and subjected to transcriptome analysis. 

(B-D) Heatmaps presented together with the corresponding log2 fold change (FC) expression 

changes (black bars) of (B) STING pathway-related genes, (C) Tight junction genes set, (D) 

PANoptosis-related genes, before in vitro RV-A16 infection in controls compared to HBEC 

from patients with asthma. (E-F) Heatmaps of mucus pathway (E) after and (F) before in vitro 

RV-A16 infection in controls compared to HBEC from patients with asthma.  

(G) Experimental in vivo RV infection in patients with asthma (n=17) and healthy individuals 

(n=7):  Transcriptomic analysis of bronchial brushings 14 days before and 4 days after the 

infection Heatmaps presented together with the corresponding log2 fold change (FC) 

expression changes (black bars) of (H) Tight junction genes set, (I) PANoptosis-related genes, 

14 days before in vivo RV-A16 infection in controls compared to patients with asthma. 

Data was analyzed by the Bioconductor microarray analysis workflow available here 

[https://www.bioconductor.org/packages/release/workflows/vignettes/arrays/inst/doc/arrays.ht

ml].  

All Heatmaps displays normalized gene expression across the groups (row normalization). 

Asterisks demonstrate significantly changed genes with threshold p<0.05. p-value: *<0.05. 

Publicly available data under accession number: GSE185658 and GSE61141.  

 

 

 

 

 

https://www.bioconductor.org/packages/release/workflows/vignettes/arrays/inst/doc/arrays.html
https://www.bioconductor.org/packages/release/workflows/vignettes/arrays/inst/doc/arrays.html
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Online supplemental materials 

Methods 

Airway resistance measurement  

Mice were anesthetized with intraperitoneal (i.p.) injection of a solution containing ketamine 

(100 mg/kg, Merial) and xylasine (10 mg/kg, Bayer), paralyzed using D-tubocurarine (0.125%, 

Sigma), and intubated with an 18-gauge catheter. Respiratory frequency was set at 140 breaths 

per min with a tidal volume of 0.2 ml and a positive end-expiratory pressure of 2 ml H2O. 

Increasing concentrations of aerosolized methacholine (25, 50, 100 and 200 mg/mL) were 

administered. Airway resistance was measured using a ventilator (Elan Series Mouse RC Site, 

Buxco, Electronics) and BioSystem X.A. software (Buxco Electronics). Baseline resistance was 

restored before administering the subsequent doses of methacholine. 

Immunoblots 

Lung tissues were homogenized in T-PER™ buffer supplemented with a cocktail containing 

protease and phosphatase inhibitors (halt™, ThermoFisher). Total protein was extracted and 

quantified by using Pierce™ BCA Protein Assay Kit (ThermoFisher®). Total protein (40 µg) 

was treated with NuPAGE™ LDS sample buffer and sample reducing agent (ThermoFisher®), 

and heated 10 min at 70°C. Samples were resolved on 4-12% polyacrylamide gel (Bolt™ Mini 

protein gel, ThermoFisher) and run at 160V for 45min using the Mini gel Tank 

(ThermoFisher®). Total protein was electroblotted to 0.2 µm nitrocellulose membrane 

(Amersham™, UK) using a Trans-Blot SD Transfer System (Bio-Rad, California) at 100V for 

45 min. Successful protein transfer was confirmed by using Ponceau S staining. Membranes 

were blocked with 5% nonfat milk (Cell signaling, Massachusetts) in 1X TBS-T (20 mMTris 

Base, 150 mM sodium chloride, and 0.05% Tween-20 pH 7.6) for 1h at room temperature.  

Full membranes or portions of membranes were incubated overnight using primary antibodies 

from rabbit anti-phospho-STAT6 (#56554 1/500; Cell signaling), anti-STAT6 (#5397 1/500; 



210 
 

Cell signaling), anti-histone H3 (#ab281584 1/500; Abcam, UK), anti-phospho-γH2AX (#9718 

1/500; Cell signaling), anti-γH2AX (#7631 1/500; Cell signaling), anti-phospho-STING 

(#72971 1/500; Cell signaling), anti-STING (#13647 1/500; Cell signaling), anti-phospho-

TBK1 (#5483 1/500; Cell signaling), anti-TBK1 (#3504 1/500; Cell signaling), anti-phospho-

IRF3 (#4947 1/500; Cell signaling), IRF3 (#4302 1/500; Cell signaling), anti- cGAS (#31659  

1/500; Cell signaling), anti-DDX41 (#15076 1/500; Cell signaling), anti-IFI204 (#ab228512 

1/500; Abcam), anti-AIM2 (#63660 1/500; Cell signaling), anti-NLRP3 (#15101 1/500; Cell 

signaling), anti-caspase-11/cleaved-caspase-11 (#NB120-10454 1/500; Novus), anti-IL-1β 

(#12426 1/500; Cell signaling), anti-IL-18 (#57058 1/500; Cell signaling), anti-cleaved 

caspase-3 (#9661 1/500), anti-caspase-3 (#9662 1/500; Cell signaling), anti-MLKL (#37705 

1/500; Cell signaling), anti-cleaved GSDMD (#10137 1/500; Cell signaling), anti-GSDMD 

(#ab219800 1/500; Abcam), mouse anti-ZBP1 (#SC-271483 1/300; Santa Cruz, Texas), anti-

caspase-8 (#4927 1/500; Cell signaling), anti-RIPK3 (#95702, 1/500, Cell signaling) and anti-

actin (#A3854 1/10000; Sigma-Aldrich, Massachusetts). Membranes were washed in TBS-T 

three times for 10 min each at room temperature, and then incubated with goat anti-rabbit-IgG-

HRP-conjugate (#7074 1/2000; Cell signaling) or horse anti-mouse-IgG-HRP-conjugate 

(#7076 1/2000; Cell signaling) diluted in 5% non-fat milk in TBS-T for 1h at RT. The 

membranes were washed three times in TBS-T. Protein bands were visualized following 

exposure of the membrane to Amersham ECL™ prime substrate solution (Cytiva, 

Massachusetts) on film iBright 1500 (Invitrogen, Massachusetts). 

Immunofluorescence staining of lung and BAL cells 

Lungs were fixed with 4% formalin for 72h, embedded in paraffin and sectioned at 3 µm. Lung 

sections were dewaxed and rehydrated, then heated 20 min at 80°C in citrate buffer 10 mM 

pH=6 for antigen retrieval (unmasking step). Lung sections were permeabilized in PBS 0.5% 

triton X-100, blocked with 5% FCS for 1h at RT and then incubated overnight with primary 
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goat antibodies to MPO (1:40, R&D systems, Minneapolis) or rabbit antibodies to ZO-1 (1:200, 

Abcam, UK). After washing, the sections were incubated with donkey anti-goat IgG secondary 

antibodies conjugated with AlexaFluor488 (1:200, Invitrogen) and goat anti-rabbit IgG 

secondary antibodies conjugated with AlexaFluor 568 (1:500, Invitrogen, Massachusetts) in 

1% FCS. Following washing, lung sections were counterstained with DAPI (1:1000) and 

mounted onto microscope slides (Fluoromount-G, Invitrogen). Cytospin slides were fixed in 

4% PFA. Cells were washed 3 times in TBS, incubated 15 min in TBS-0.3% Triton X-100, then 

washed 3 times in TBS, blocked in TBS-10% FCS for 45 min and incubated overnight with 

primary antibodies to MPO (1:40, R&D systems), and to histone H3-citrulline (1:100, Abcam) 

for NETs visualization. For PANoptosome visualization slides were incubated with primary 

antibodies from mouse anti-ZBP1 (1:100, Santa Cruz), rat anti-Caspase 8 (1: 100, Enzo 

Lifesciences, France), goat anti-ASC (1:50, Abcam), and mouse anti-RIPK3 (B-2) conjugated 

to Alexa Fluor® 647 (1:30, Santa Cruz Biotechnology). After washing, slides were incubated 

as described above for NETs formation detection. For the analysis of PANoptosome 

components, slides were incubated with donkey anti-goat IgG secondary antibodies conjugated 

with AlexaFluor488 (1:200, Invitrogen) and goat anti-rat secondary antibodies Alexa Fluor 546. 

Slides were counterstained using DAPI for 10 min. For NETs visualization, lung tissue and 

cells were observed using a Leica DM 6000B microscope (HAMAMATSU ORCA-Fusion 

C14440 Camera, Japan), images were acquired using MetaMorph® software and were treated 

using ImageJ software. For PANoptosome visualization, cells were observed using a Zeiss LSM 

980 confocal microscope coupled with a Zeiss Airyscan 2 device (Carl Zeiss Co. Ltd., Jena, 

Germany). Images were acquired using Zeiss LSM Image Browser (Carl Zeiss Co. Ltd., Jena, 

Germany). 
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Flow cytometry 

Bronchoalveolar lavage cells were counted and plated on a 96 well plate for extracellular 

staining. Different subsets of lung infiltrating cells or resident cells were detected by flow 

cytometry in BAL cell suspensions using a mix of the following fluorochrome-conjugated 

antibodies against mouse NOS2 PE-Cy7 (1/100 eBioscience), Arginase1-PE (1/100 

eBioscience), Siglec F-PE-Cf59 (1/300, BD), CD45-PerCP (1/200, Biolegend), MPO-FITC 

(1/200, ThermoFisher), CD11b-BV786 (1/200, Fisher scientific), LY-6G-BV605 (1/100, BD), 

F4/80- BV421 (1/200, Biolegend), CD45-APC ( 1/200, Biolegend), F4/80-PE/Cy7 (1/200, 

Biolegend), Siglec F-PE-Cf59 (1/300, BD), CD3e-PE (1/100, BD), CD193 (CCR3)-

PercPVio700 (1/50, Miltenyi Biotec), CD182 (CXCR2)-R718 (1/100, BD), CD11b-BV786 

(1/200, Fisher scientific), CD45R/B220-BV711 (1/200, BD), CD11c-BV605 (1/200, BD), Ly-

6G-BV510 ( 1/100, BD), IA/IE-eF450 (1/200, Fisher scientific), CD184 (CXCR4)-PE (1/100, 

Biolegend) and Fc Block (1/200) to avoid nonspecific binding. All staining reactions were 

performed at RT for 20 to 30 min. Flow cytometry analyses were performed on LSR Fortessa 

X-20 flow cytometer (Becton Dickinson, New Jersey). Gating strategy was set up according to 

FMO contros for all antibodies. Analysis and graphical output were performed using FlowJo™ 

software (Tree Star, Ashland, OR). 

Lactate dehydrogenase (LDH) Measurement  

Cytotoxicity was determined by quantifying lactate dehydrogenase (LDH) released in the 

supernatant of human epithelial cells using LDH-GloTM- Cytotoxicity assay kit (Promega) 

according to the manufacturer’s instructions.  

  

Quantification of mRNA expression by RT-qPCR analysis  

Total mRNA was extracted using TRIzol (TRI-Reagent, Sigma-Aldrich, Germany) and reverse 

transcribed in cDNA with GoScript™ Reverse Transcription kit (Promega, Wisconsin). Genes 
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mRNA expression were analyzed using GoTaq®qPCR Master Mix (Promega).  All primer 

sequences used were from Qiagen: Tmem173 (#QT00261590), Mb21d1 (#QT00131929), Ifi204 

(#QT01753535), Aim2 (#QT00266819), Serpinb2 (#QT01052345), Clac1 (#QT00164290); 

Spdef (#QT0010719), Socs1 (#QT01059268), Hif1-α (#QT01039542), Osm (#QT00263193), 

Tlr-9 (QT01043049), IL-4 (#QT00160678), IL-5(#QT00099715), IL-13 (QT00099554). 

Muc5ac (Forward: CAGCCGAGAGGAGGGTTTGATCT. Reverse: 

AGTCTCTCTCCGCTCCTCTCAAT), MUC5AC (#QT00088991), RNA expression was 

normalized to Rn18s expression (Qiagen, Maryland). Data were analyzed using the comparative 

analysis of relative expression by ΔΔCt methods.  

Histology  

Lung left lobe was removed and fixed in 4% formalin, embedded in paraffin, sectioned at 3 µm, 

stained with periodic acid-Schiff (PAS) and blindly scored by an anatomo-pathologist. Semi 

quantitative scoring (0-5) of Goblet cell and airway inflammation including epithelial injury, 

and peribronchial infiltrates severity were performed.   

Double-stranded DNA Measurement in BALF  

dsDNA was measured in the acellular fraction of the BALF using Quant-iT PicoGreen 

(Invitrogen, Massachusetts) according to the manufacturer's protocol.  

Measurement of cytokine levels  

MPO, IL-6, TNF, CCL11, CCL24, CXCL1, and CXCL10 concentrations in BALF and lung 

homogenate were measured by ELISA (R&D System, Minneapolis). IFNα, IFNβ, IFN-γ, IL-4, 

IL-5 and IL-13, levels in BALF and lung homogenate, and IFNα, IFNβ, IFN-γ, CXCL-8 CXCL-

10, IL-6, TFN-α levels in cell culture supernatant were quantified by multiplex immunoassay 

according to manufacturers’ instructions (ProcartaPlex, Life Technologies, Massachusetts). 
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Data were acquired on Luminex equipment (MagPix, BioRad, California) and analyzed using 

Bioplex Manager software (BioRad).  

 

MUC5AC measurements  

MUC5AC levels were quantified in the acellular fraction of the BALF and lung homogenate 

using the Mouse MUC5AC (Mucin-5 subtype AC) ELISA kit (Elabscience®, Texas) according 

to the manufacturer's instructions. 

Dose response study of STING agonists 

Mice were anesthetized with 2% Isoflurane (ISO-VET, Netherlands) and sensitized with HDM 

on day 0 and 7 (25 μg/mouse, i.n.)  and challenged with HDM intranasally on 3 consecutive 

days (10 μg/mouse, i.n. on day 14-16), in the absence or together with cGAMP (at 1, 3 or 10 

µg/mouse, i.t.), diABZI compound 3 (at 0.1 or 1 µg/mouse, i.t) or Poly(I:C) (at 60 or 200 

µg/mouse, i.t). Mice were analyzed on day 17, 24 hours after the last HDM instillation. 

 Bronchoalveolar lavage (BAL) was performed 24h after the last challenge by flushing lung 

tissue four times with 0.5 mL of cold NaCl 0.9% via tracheal intubation with a cannula. BALF 

was collected, cells counted and cytospins performed. The supernatant of the first lavage was 

collected after centrifugation and stored at -80°C for dsDNA and mediators quantification. The 

left lung lobe was harvested for histology, the post caval lung for RNA extraction and qPCR 

analysis and the right lobes for Western blot analysis and cytokine measurement. Protein 

extravasation in the BALF was measured by Pierce™ BCA Protein Assay (ThermoFisher®, 

Massachusetts). 

 

Single cell RNA sequencing analysis 

We re-analyzed single-cell transcriptomic data (GSE172495) from Human Asthma PBMC and 

control PBMC 1. The dataset was downloaded and the RDS file was imported into R 2 
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environment version v4.3.0 and Seurat v4.3.0 3 by filtering genes expressed in at least 200 cells 

and cells expressing at least 3 genes. For the pre-processing step, outlier cells were filtered out 

based on three metrics (nCount_RNA < 4000, nFeature_RNA >= 200 & nFeature_RNA < 2500 

and mitochondrial percentage expression <5). The top 2,000 variable genes were then identified 

using the ‘vst’ method using the FindVariableFeatures function. Percent of mitochondrial 

genes was regressed out in the scaling step, and Principal Component Analysis (PCA) was 

performed using the top 2,000 variable genes and the top 50 PCs were selected for dimension 

reduction by Uniform Manifold Approximation and Projection (UMAP). Clusters were 

identified using the authors annotation. Then, differential gene expression analysis was 

performed using FindAllMarkers function in Seurat with default parameters to obtain a list of 

significant gene markers for each cluster of cells. Visualization of genes illustrating expression 

levels was performed using R/Seurat commands (DimPlot, FeaturePlot and DotPlot) using 

ggplot2 4 and scCustomize 5 R packages. 
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In vitro RV-A16 infection of human bronchial epithelial cells  

Human bronchial epithelial cells (HBECs) obtained from six healthy individuals and six 

patients diagnosed with asthma were infected with RV-A16 at an MOI of 10 for 24h and 

subjected to sequencing using the Illumina HiSeq 2000 platform as described 6, 7. Transcriptome 

data were processed with the workflow available here [https://github.com/uzh/ezRun using the 

edgeR R package 7. Presented gene sets were curated from GSEA and MSigDB Database 

(Broad Institute, Massachusetts Institute of Technology, and Reagent of the University of 

California, USA). Full sets of analyzed genes are described in Supplementary Table 1. Asterisks 

demonstrate significantly changed genes with threshold p<0.05. Heatmaps display normalized 

gene expression across the gene in the groups (row normalization).  

Transcriptome analyses of experimental in vivo RV-A16 infection in humans  

Transcriptomics of bronchial brushings obtained from control individuals (n=7) and patients 

with asthma (n=17) 14 days before and 4 days after experimental RV-A16 infection in vivo 6-

8were collected and analyzed as previously described 7 with Affymetrix HuGene 1.0 array and 

Transcriptome Analysis Console v4.0 (Santa Clara, United States). Data was analyzed by the 

Bioconductor microarray analysis workflow available here 

[https://www.bioconductor.org/packages/release/workflows/vignettes/arrays/inst/doc/arrays.ht

ml]. Presented gene sets were curated from GSEA and MSigDB Database (Broad Institute, 

Massachusetts Institute of Technology, and Reagent of the University of California, USA). Full 

sets of analyzed genes are described in Supplementary Table 2. Asterisks demonstrate 

significantly changed genes with threshold p<0.05. Heatmaps display normalized gene 

expression across the gene in the groups (row normalization).  

 

 

 

https://github.com/uzh/ezRun
https://www.bioconductor.org/packages/release/workflows/vignettes/arrays/inst/doc/arrays.html
https://www.bioconductor.org/packages/release/workflows/vignettes/arrays/inst/doc/arrays.html
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Discussion and perspectives 

This work aimed at enhancing our understanding of the involvement of STING, the key 

nod of DNA sensing pathways, in lung inflammation, and how the activation of this innate 

immune defense pathway, which is supposed to confer host protection, can in some 

circumstances lead to deleterious outcomes in lung inflammation. 

Although the two respiratory diseases that we have studied differ in their 

pathophysiological processes, in both cases significant pulmonary inflammation can cause 

important breathing difficulties, being sometimes fatal. We have demonstrated that the 

inflammation induced following the activation of STING pathway resulted in lung neutrophilia 

with NETs formation, and severe lung tissue injury characterized by lytic cell death, which in 

turn drives massive self-dsDNA release, a major danger signal for the innate immune 

surveillance system. 

The lung is a vital organ that is particularly susceptible to inflammation amplification. 

The high availability of oxygen in the lung tissue compared to other tissues, results in a greater 

capacity to produce ROS. The ROS-producing NADPH oxidase complex of innate immune 

cells, reduces oxygen to superoxide anion and releases it into the extracellular space. Because 

superoxide anion is instable, it israpidly converts to hydrogen peroxide (H2O2). The enzyme 

myeloperoxidase (MPO) which is highly expressed by immune cells, uses H2O2 to produce a 

range of tissue damaging ROS. ROS are central to NETs formation making the lung a favorable 

environment for NETs formation and, consequently, exposing it to the damaging effects of 

NETs.  

We have identified STING agonists including diABZI, as potent NETs activators. This 

activation correlates with increased pulmonary neutrophil influx accompanied by MPO 

upregulation. This aspect of tissue susceptibility must be considered in lung diseases in which 

STING is involved in the pathophysiology, or in therapeutic strategies aiming at enhancing 

STING activation in lung tissue.  

In the healthy settings, surfactant protein D produced by ATII cells is responsible for 

the clearance of dying cells including NETs (Cahilog et al. 2020). However, in lung diseases 

where the lung barrier is compromised by apoptosis or necrosis of epithelial cells, there is 

evidence of altered surfactant protein levels, as reported in ARDS and allergic immune response 

(Choi et al. 2020). This results in the accumulation of persistent NETs. In our murine model of 

asthma exacerbation, we demonstrated evidence of lung barrier disruption through visualization 
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of decrease in the ZO-1 tight junction. We also reported a reduced expression of tight junction 

genes in bronchial brushings from patients with asthma compared to controls. This may result 

in altered levels of surfactant protein, explaining the persistence of damaging NETs in the lung 

parenchyma that we visualized in both models. Assessing lung surfactant levels as risk 

biomarker could help predict severity in lung neutrophilic inflammation.   

Moreover, NETs could directly destabilize the epithelial barrier. Recently Sun and 

collaborators, demonstrated a correlation between NETs infiltration, sepsis-induced intestinal 

barrier dysfunction and enterocyte injury in sepsis patients, occurring via TLR9-ER stress 

pathway and apoptosis. Moreover, PAD4 deficiency mitigated intestinal barrier disruption (Sun 

et al. 2021). Even if this is another pathological model, it would be interesting to document 

whether we observe the same correlation in our models of pulmonary inflammation. 

Several studies linked excessive NETs formation to lung injury in a context of ALI / 

ARDS, or experimental allergic asthma (Lefrançais et al. 2018; Barnes et al. 2020; Thierry et 

al. 2020; Radermecker et al. 2019). NETs directly mediate their damaging effects on lung tissue 

through by-products. The most abundant NETs by-products are histones, elastases and MPO. 

In a mouse model of LPS-induced lung injury, NET-derived histones induced cytotoxicity and 

cell death of both epithelial and endothelial cells (Saffarzadeh et al. 2012). They further 

demonstrated the harmful potential of histones using neutralizing anti-histone antibodies or a 

polyanionic compound which masks histones, ultimately resulted in a decrease in NETs-

induced cytotoxicity, while blocking elastase had no effect and MPO moderately decreased 

NETs-mediated cytotoxicity (Saffarzadeh et al. 2012). On the other hand, during COVID-19 

pathogenesis, elastases seemed to be the most important NETs proteins responsible for 

endothelial damage (Thierry et al. 2020).  

We showed an increased expression of both MPO and citrullinated-histones after 

STING activation, forming a cloud-like structure filling the lung alveoli indicative of NETs 

formation. We confirmed the harmful effect on lung tissue through PAD4 inhibition of NETs 

formation themselves, that resulted in downregulation of DNA damage and several types of cell 

death. It would be interesting, in future characterization to determine which NETs by-products 

are most responsible for tissue injury after STING hyper-activation in our models. Targeting 

specifically the most damaging by-product proteins may be of particular interest in pathogen-

induced immune exacerbation, to benefit from the pathogen-trapping function without 

collateral lung damage.   
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In our ARDS mouse model, we had evidence of lytic cell death by measuring LDH in 

bronchoalveolar lavage. In accordance with the NCDD recommendation, we can assume that 

the NETs in this model originate from a cell death process and not from viable neutrophils. 

Recently, Stojkov and collaborators described the GSDMD-independent process of viable 

NETs. They showed that inflammasome activation resulted in GSDMD cleavage in neutrophils 

but did not led to membrane rupture and cell death, yet forming NETs. Moreover, GSDMD-/-  

neutrophils were still able to form NETs in the same conditions (Stojkov et al. 2023). On the 

other hand, another study demonstrated that cytosolic LPS and cytosolic Gram-negative 

bacteria elicited neutrophil caspase-11 activation and subsequent GSDMD cleavage and plasma 

membrane rupture allowing DNA extrusion and thus NETosis (Chen and al. 2018).  

The GSDMD cleavage that we detected in lung tissue may not be sufficient to ascertain 

the viability status of the NETs observed. Further studies to delineate the contribution of other 

immune infiltrating cells, epithelial and endothelial cells, through ex vivo isolation of NETs, 

and assessing GSDMD cleavage specifically in neutrophils could allow us to ascertain the 

viability status of NETs.  

How do neutrophils choose between staying alive or dying during releasing NETs is 

less documented. Neutrophils express relatively low levels of caspase-1 resulting in low 

capacity for GSDMD cleavage (Chen and al. 2018). From the two previous studies 

demonstrating viable and suicidal NETs, it is tempting to speculate that non-canonical 

inflammasome activation of caspase-11 leads to sufficient GSDMD cleavage which in turn 

serves to membrane breaching and NETosis. While canonical-inflammasome activation relying 

on caspase-1, its low levels of expression will lead to insufficient GSDMD cleavage. Thus, 

NETs occur without cell lysis, and the pool of cleaved GSDMD will probably serve to ease IL-

1β secretion from the neutrophil.  

When studying neutrophils, it is essential to regard them as a heterogeneous population, 

likely with distinct functions. Several studies identified neutrophil subsets expressing distinct 

surface markers and displaying higher ability to perform NETs. Olfactomedin 4 (OLFM4+) 

neutrophils were increased in septum of patients with uncontrolled asthma (Mincham et al. 

2021). This subset has an important capacity to form NETs compared to OLFM4- neutrophils 

(Mincham et al. 2021). Likewise, CXCR4hi neutrophils were also increased in asthma patients 

and associated with a higher ability to form NETs. In a mouse model of HDM-induced asthma 

exacerbated by low doses of LPS, Radermecker and collaborators identified a 

CXCR4hiCD49dhiLamp-1hi neutrophils subset found in the lung which were prone to NETs 
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release and supported HDM-uptake by dendritic cells in vivo. Furthermore, adaptive transfer of 

these neutrophil subsets in HDM-treated mice resulted in amplification of allergic inflammation 

including airway eosinophilia, type 2 immunity, peribronchial inflammation and increased 

mucus hyper-section compared to control mice (Radermecker et al. 2018).  

Our study of exacerbated allergic asthma identified another neutrophil subset associated 

with NETs release. STING hyper-activation during allergic response in mice led to a N1 

neutrophil polarization NOS2+ARG1-, while neutrophils in HDM baseline mice or Poly(I:C) 

exacerbated mice were alternatively activated ARG1+NOS2-. Functionally, NOS2+ARG1- 

neutrophils were enrolled in NETs formation, confirmed by Cit-Histone 3 expression, while the 

ARG1+NOS2- neutrophils did not produce NETs. The same imbalance of NOS2 vs ARG1 

expressing neutrophil populations were found in bronchial brushing of patients with asthma 

exacerbated by rhinoviruses.   

The phenotypic classification of neutrophil subsets in N1 vs N2 profiles has been first 

described in cancer. However, very little is known about such plasticity in other chronic and 

acute inflammatory conditions. In mouse model of myocardial infraction, the two 

subpopulations N1 and N2 were sequentially detected. N1 neutrophils were isolated during 

early inflammatory phase of myocardial infraction and produced high levels of pro-

inflammatory cytokines such as TNF-α and IL-1β, while the N2 neutrophils were concomitant 

with the resolving phase and showed anti-inflammatory markers such as IL-10 release (Ma Y 

et al. 2016). More recently, the phenotypic and functional differences of N1 and N2 population 

has been investigated. In coherence with our findings, among various parameters analyzed, N1 

neutrophils as compared to N2, revealed significant higher levels of NO suggestive of higher 

NOS2 expression, as well as increased ROS and expression of NADPH oxidase subunits, 

important for NETs release (Mihaila et al. 2021). 

Recently, Shin et al demonstrated that intratracheal challenge with diesel exhaust 

particles related to traffic-air pollution in HDM-mice, exacerbated asthma Th2 and Th17 

immune responses and airway hyperresponsiveness (AHR), through induction of a specific 

neutrophil subset coexpressing Ly6G and SiglecF in the lung. These SiglecF+ neutrophils were 

promoted by ATP, a potent danger signal, and resulted in enhanced NETs release capacity (Shin 

et al. 2022). This study reinforced a previous study in line with our findings, in which PM2.5 

air pollution-induced asthma exacerbation of OVA-treated mice. The authors showed that 

PM2.5 significantly increased neutrophils numbers and NETs (REF). Subsequently, NETs, 

probably through elastase, increased quinone oxidoreductase1 (NQO1) expression, which in 
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turn aggravated mucus hyper-secretion by upregulating MUC5AC and STAT6 expression, in 

accordance with our findings (He et al. 2021).  

On the other hand, the specific involvement of the cGAS/STING pathway in the context of 

diesel particule-mediated lung injury through the lung flora has very recently been established 

(Sun M et al. 2023). 

 Given the exacerbation parameters described in these studies, reminiscent of some of 

our observations, it would be interesting to assess the contribution of the STING pathway in 

these exacerbation models. Further, it would be interesting to determine whether the 

exacerbation-related neutrophil subsets are context-dependent, or if several of these markers 

can be expressed simultaneously in various severe lung inflammation situations, thus opening 

ways for multi-target therapeutic strategies.  

Neutrophils subsets mediating lung tissue injury are currently under investigation in 

other types of lung inflammation; as an example, the “Rogue” neutrophil-subset expression 

DEspR+ were identified in LPS-induced acute inflammation in BALF of human, and were 

associated with disease severity (Carstensen et al. 2022).    

Since a shift in neutrophil profile can be followed by a change in their functional 

behavior, deeper comprehensive characterization of neutrophils subsets is imperative. This will 

help in guiding prediction of disease outcome, especially in neutrophilic asthma exacerbation, 

in which neutrophils are challenging the efficacy of current asthma therapeutics, mostly 

targeting eosinophils while prolonging neutrophils lifespan and their potential deleterious 

effect.  

Despite their major contribution in our models, neutrophils express critically low levels 

of STING and cGAS (Xia et al. 2015). This may mean that they are not the primary cells 

responding to STING agonists. Instead, it is highly possible that alveolar macrophages known 

for their high levels of STING expression or epithelial cells are the actual first cells responding 

and initiating STING priming, followed by neutrophils as “responder” cells.  

Analysis of lung tissue in our asthma exacerbation model revealed a clear difference in 

terms of phosphorylated STING, DNA damage with phosphorylated γH2AX and citrullinated 

histone3 and cGAS between the experimental conditions where bronchoalveolar lavage was 

performed (BAL), or not performed (NO), which means when all immune cells infiltrating the 

lung were kept and processed with the lung tissue. This result strongly suggests the contribution 
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of immune infiltrating cells, particularly alveolar macrophages in activating STING in response 

to diABZI, in line with the study of She and collaborators, presenting alveolar macrophages as 

the main cell type in lung taking up extracellular cGAMP (She et al. 2021). 

 

Figure 32: Immunoblots of phosphorylated STING, cGAS, pγH2AX and Cit-H3 with 

Actinβ as a reference, suggesting the involvement of immune infiltrating cells in the 

processes of immune exacerbation. BAL: BAL was performed on the lung before analysis. 

NO: BAL not performed before analysis. (Supplementary data not included in the submitted 

manuscript).  

Moreover, our in vitro studies of macrophages and human epithelial cells, showed that 

both cell types can respond to STING agonists and mount an efficient innate immune response 

with type I IFN production, TNF-α, IL-6, induction of several DNA sensors, signs of DNA 

damage with pγH2AX and markers of regulated cell death, which strongly suggest 

collaboration of both cell types during the initiation process.  

What makes STING agonists, including the naturally occuring cGAMP, preferentially 

target macrophages or epithelial cells, both known to highly express STING in the lung is not 

yet documented. Intuitively, one could speculate that small molecule agonists such as diABZI 

depend on the presence or not, and the frequency of the newly described plasmatic membrane 

STING (pmSTING) (Li X et al. 2022). CDN agonists and chemically modified CDN might be 

contingent upon the frequency of specific membrane channels and transporters such as available 

on each cell types and also on pmSTING.  

In this context, we could imagine two possible scenarios: 

The first one based on the epithelial barrier hypothesis proposed by Akdis C (Akdis C. 2021), 

in which epithelial cells are first to be fragilized and injured by STING agonists (the DAMP 

here), leading to cell death and massive DNA release. This would in turn activate the DNA 

sensors machinery in macrophages along with efferocytosis in an attempt to clear dead cells, at 

least in early stages, and also attract neutrophils and their subsequent deleterious effects leading 

to more damage. In other terms, scenario 1 supports cell death leading to hyperinflammation. 
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In the second scenario, alveolar macrophages are the first to sense and respond to STING 

agonists resulting in important cytokines secretion (IFNα, IFNβ, TNFα, IL-6, CXCL10) and 

subsequent neutrophil infiltration and NETs formation. In turn, NETs filling the alveoli harm 

lung tissue through their by-products and lead to massive cell death from the epithelial barrier 

and lung parenchyma. In other terms, this scenario supports the idea of inflammation leading 

to cell death, and subsequent fueling a second wave of exacerbated inflammation.  

Our result from in vitro studies showed that macrophages fully responded to diABZI 

from phosphorylation of STING to phosphorylation of IRF3, as early as 60min after 

stimulation. A further comparative in vitro study confronting epithelial cells vs macrophages, 

and also a kinetic in vivo study may help address this question.   

Whichever scenario, massive DNA release is the final outcome. In this work we focused our 

attention around self-dsDNA released from leaky inflammatory lung tissue.   

In addition to the DNA exposed by NETs, we showed in lung tissue markers of 

apoptosis, necroptosis and pyroptosis, participating in the net increase of free dsDNA measured 

in BAL and evidence of the formation of PANoptotic complexe likely in macrophages. 

Moreover, we revealed the presence of mtDNA in BAL of ARDS mice. 

It is possible that inflammatory cytokines released soon after STING agonist priming in 

our models, especially TNF-, actively participate to mtDNA release. In context of 

inflammatory arthritis, Willemsen et al showed that prolonged IFN stimulation has an inhibitory 

effect on the PINK1-mediated mitophagy mechanism, triggering mitochondrial stress followed 

by mtDNA release and a subsequent dominant IFN signature through ISGs upregulation in a 

cGAS-STING dependent fashion (Willemsen et al. 2021). Thus cGAS-STING pathway could 

utilize the TNF-PINK1 inhibition axis as a positive feedback mechanism to enhance its own 

activation. This indicates that focusing on the inhibition of STING pathway and its direct IFN 

production is not the only option to consider for interferonopathies, since there are additional 

upstream regulatory mechanisms such as the TNF-PINK1 axis.   

Furthermore, TNF-α is involved in impairment of dead cells engulfment by 

macrophages (McPhillips et al. 2007), resulting in an accumulation of dead cell debris. In the 

absence of efficient clearance mechanisms, apoptosis which is known for its silent immune 

status, will turn into lytic cell death, and release the content of its apoptotic bodies within 15h 

(Tanzer et al. 2020).  



225 
 

We reported upregulation of TNF-α during both mice lung conditions. In a more 

clinically relevant context, such as chronic asthma exacerbation in humans, involving more 

prolonged exposure to TNF-α compared to our models, we can imagine that there will be risks 

of “weaponizing” apoptosis, even during tissue turnover by making it lytic and inflammatory. 

This could be potentially relevant during chronic inflammatory bowel diseases where the 

intestinal epithelium is the most rapidly self-renewing (3–4 days).   

Among the various effects of TNF-α, a study from Kanneganti’s lab showed a synergetic 

action of TNF-α with IFN-γ in driving PANoptosis in cytokine storm-mediating SARS-CoV2 

mortality (Karki et al. 2021). Among all pro-inflammatory cytokines found to be up-regulated 

in patients with COVID-19, concomitant TNF-α and IFN-γ treatment induced important cell 

death with markers of PANoptosis in BMDM cells and THP-1 cell lines. They further revealed 

that PANoptosis markers were dependent on STAT1/IRF1 axis after synergetic TNF-α and 

IFN-γ stimulation. In this specific setting, STAT1/IRF1 pathway was found to control iNOS 

expression and up-regulate NO secretion leading to cell death, while Nos2–/– BMDMs were 

protected. This experimental observation is consistent with data from patients with severe and 

critical COVID-19 expressing significantly higher levels of NOS2 compared to healthy controls 

(Karki et al. 2021).  

We demonstrated the occurrence of PANoptosis in both ARDS model and neutrophilic 

asthma exacerbation model following challenges with STING agonists. We provided evidence 

for up-regulation of apoptosis, necroptosis and pyroptosis markers, as well as upregulation of 

components from the PANoptotic complex such as ZBP1, caspase-8 and RIPK3 in lung tissue. 

Furthermore, confocal microscopy performed on the cellular fraction of BAL allowed us to 

visualize the formation of the PANoptotic complex composed of caspase-8, ASC and RIPK3 

in macrophages but not neutrophils. In our work, we stated the occurrence of PANoptosis as a 

downstream indirect consequence of STING activation, and demonstrated a link between NETs 

and PANoptosis markers in the lung. However, it would be interesting in future studies to gain 

insight on the precise molecular mechanisms involved in these processes. 

Consistent with Karki’s study, we demonstrated augmented levels of both TNF-α and 

IFN-γ during neutrophilic exacerbation of allergic asthma. Indeed, the allergic response has 

shifted from classical Th2 with type 2 cytokines towards a mixed Th2/Th1 response with 

induction of IFN-γ, TNF-α and type I IFN after STING agonists treatment. Thus, it is plausible 

that synergism between TNF-α and IFN-γ would be at the origin of the inflammatory 

PANoptotic process leading to massive lytic cell death and injury. 
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In fact, the synergy between TNF-α and IFN-γ is not a new concept and has been documented 

in the literature since 1998, Zhang et al. demonstrated their synergetic role in mediating anti-

toxoplasmatic effects through enhancement of NO production by macrophages (Zhang et al. 

1998). The combination was involved in progression of various inflammatory diseases such as 

in Alzheimer progression where it correlates with NO levels (Belkhelfa et al. 2014). Besides, 

the downstream mechanism of action of TNF-α and IFN-γ was also well documented in 

autoimmune diabetes during which TNF-α and IFN-γ acts through STAT1-IRF1 to mediate 

beta cell apoptosis (Suk et al. 2001a), or in ME-180 cervical cancer cells in which TNF-α and 

IFN-γ lead to apoptosis or necroptosis depending on caspases activation status (as early proof 

for regulated cell death (RCD) pathway overlap) in a STAT1-IRF1 and, concomitant inhibition 

of TNFα-induced pro-survival NFκB pathway (Suk et al. 2001b). Apart from NFκB pathway 

inhibition, these studies are coherent with Karki’s study.     

Interestingly, consistent with Karki’s study, we reported up regulation in NOS2 

expression in neutrophils in vivo after STING priming of HDM-treated mice, suggestive of 

higher NO production, while HDM-control mice showed an alternative polarization with ARG1 

neutrophilic signature. In this model, we did not investigate polarization of alveolar 

macrophages, but we can suggest an M2 profile in HDM-treated mice and an M1 pro-

inflammatory profile in exacerbated groups, known to express high levels of NOS2 and NO. 

Taken together, all these informations further reinforce the hypothesis of the involvement of 

TNF-α plus IFN-γ through the STAT1-IRF1-NO axis in mediating PANoptosis during 

neutrophilic exacerbation of allergic asthma.  

To address this hypothesis, we could treat HDM-sensitized mice with a combination of 

TNF-α and IFN-γ intratracheally during HDM challenges and re-assess all exacerbation 

parameters considered in the original model in term of lung resistance, differential cells 

infiltration, dsDNA released in BAL, occurrence of N1 neutrophils and NETs release, tissue 

and epithelial injury and cell death markers and PANoptosis in order to fully verify if we could 

recapitulate STING agonists-induced exacerbation of allergic asthma then, assess the 

upregulation of the STAT1-IRF1-NO axis. TNF-α administration can be challenging in vivo, to 

encounter this, we could also administer neutralizing antibodies to verify if it blocks STING 

agonist’s effect on PANoptosis. 

Regarding our ARDS model, IFN-γ levels were not assessed in those settings, which make it 

difficult to speculate about the underlying mechanism of PANoptosis, especially considering 

the synthetic pharmacological nature of the trigger.  
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Given our findings, we could intuitively imagine that preventing lung macrophages 

apoptosis or necrosis can be beneficial to the host. Indeed, several reports showed that 

preventing alveolar macrophages apoptosis and necroptosis during the early stage of 

inflammation can help decrease the severity of ARDS (Dang et al.2022). In fact, the context 

holds greater complexity, the type of lung macrophages, whether it is PVM, RAM, or RecAM 

has its importance. In a mouse model of influenza A and LPS induced acute lung injury, 

recruited macrophages (RecAM) accumulates in the lung during early phases of inflammation 

and progressively decline by apoptosis during resolving phase, as indicated by the high levels 

of death receptor Fas expressed on RecAM as compared to resident AMs (REF). Furthermore, 

apoptosis inhibition of RecAM in this setting delayed the resolution of ALI, highlighting the 

protective role of apoptosis. The resident AMs persist along with lung injury (Janssen et al. 

2011).  

A better characterization of the differential role of each lung macrophage type and their 

fate during lung diseases could guide us distinguish between protective cell death known as 

tolerogenic cell death (TCD) and immunogenic cell death (ICD) potentially harmful. We can 

assume that protective cell death occurs when phagocytosis mechanisms are efficient. More 

attention should be placed on ensuring that they are not overwhelmed in pathologies where 

tissue injury is significant.  

In clinically relevant models of ARDS and asthma exacerbation using respiratory virus 

and bacteria, microbial antigens (PAMPs) represents a significant factor, which our models do 

not consider due to the molecular nature of our triggers. Immunological cell death (ICD) is 

defined by collaboration between inflammation, antigenicity (eg. PAMPs or cancer neo-

antigens) and adjuvanticity (eg. self-dsDNA) to activate efficiently adaptive immunity and 

establish a memory. Even in the absence of PAMPs, the concept of ICD is not entirely to be 

excluded from our models, especially considering that we recapitulated cardinal hallmarks of 

ARDS and neutrophilic asthma exacerbation. ICD is not associated with a specific RCD 

(apoptosis, necrosis) and it does not describe one of the many ways a cell can die, but instead 

it guides the outcome of the communication between innate immunity in response to DAMPs 

released or exposed by one or several RCD to amplify the inflammation.   

According to the NCDD guidelines, only six DAMPs enable a specific RCD to be qualified as 

ICD: Calreticulin (CALR), ATP, HMGB1, type I IFN, cancer cell derived nucleic acids, and, 

annexin A1 (ANXA1) (Galluzi et al. 2018). Given the prominent STING activation and 

subsequent type I IFN production, we could possibly consider ICD in our models.   
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One of the most life threatening symptom of airway inflammatory disease is lung 

desaturation and breathing difficulties. In setting of mucus hypersecretion such as during 

allergic asthma attacks, free dsDNA from NETs present in the bronchoalveolar space can 

contribute to high viscosity of mucus which will functionally increase airway 

hyperresponsiveness (AHR) (Linssen et al. 2021). Considering the strong increase in dsDNA 

originating from NETs and other RCD in our asthma exacerbation model, we can suggest that 

beside its role in inflammation, DNA possibly contributes to exacerbate AHR that we revealed 

after STING agonists treatment. 

Inflammation itself, through inflammatory cells, can participate in exacerbation of 

AHR. Deletion of HIF-1α in myeloid cells using cell specific mice, or systemic inhibition of 

HIF-1α with YC-1, decreased AHR and goblet cell hyperplasia in a murine model of OVA-

induced asthma (Crotty et al. 2013).  

 

Figure 33: HIF-1α transcripts in lung of STING-dependent asthma exacerbation mice 

model.   

This aspect has not been deeply explored yet in our experimental models. However, we 

observed upregulation of HIF-1α after diABZI treatment in HDM-sensitized mice, along with 

an exacerbation of AHR. HIF-1α was first associated with hypoxia. Nevertheless, there is now 

evidence that HIF-1α can also be activated in a normoxic environment, as well as during 

inflammatory responses induced by signals such as LPS, TNF- and GM-CSF (Byrne et al. 

2013). Further investigations are required to address the possible link between HIF-1α and the 

exacerbation of AHR in our airway inflammatory disease models.  

To open up new perspectives, it is crucial to further explore certain key aspects. First, it would 

be interesting to validate the corticosteroids resistance in our STING-dependent neutrophilic 

asthma exacerbation murine model. 
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In the literature, patients with asthma are often considered as homogenous and equally 

exposed to risks of exacerbation and development of severe forms. Nevertheless, two asthmatic 

populations need further attention, elderly or aging population and obese patients. Indeed, loss 

of nuclear envelope integrity in normal aging through, among other factors, Lamin A aberrant 

splicing event leads to DNA damage (Scaffidi & Misteli. 2006) and undesired molecular 

exchanges between nucleus and cytoplasm (Robijns et al. 2018). This suggests a chronic 

STING-related inflammation, further exposing eldery asthma patients to neutrophilic 

exacerbation.  

On the other hand, a recent study revealed a non-canonical role for STING in metabolic 

homeostasis. At steady state, STING was found to interact with and inhibit the fatty acid 

desaturase 2 (FADS2)-dependent polyunsaturated fatty acids (PUFAs) desaturation. 

Conversely, during chronic inflammation, STING activation followed by its degradation 

increased Fads2-dependent desaturase activity and led to augmented omega-6 derivatives 

accompanied by an increase in the omega-6/omega-3 ratio that further fuelled the inflammation 

(Vila et al. 2022). Thus, in a context of obesity-associated chronic inflammation, the 

development of STING-dependent neutrophilic asthma exacerbation in obese patients with 

asthma multiplies comorbidities.   

Therapeutic strategies using STING antagonists may face predictable limitations. 

Inhibiting DNA sensing pathway for long periods of time may expose the host to 

immunoparalysis and increased tolerance towards opportunistic microbes and tumor 

development. For long-term treatment, strategies targeting DNA to mitigate the inflammation 

could be safer for the host defense.  

Likewise, strategies based on STING agonists especially in oncology which already showed 

limitations, should examine other pathways directly connected to the STING pathway. Indeed, 

as evoked in the introduction chapter, the SEL1L–HRD1 ERAD axis controls the pool of 

activable STING (Ji Y et al. 2023). Consequently, evaluating the activation of this axis in 

patient biopsies before clinical studies may help predict treatment efficacy, as tumors may 

downregulate STING. Further, in the absence of STING in tumors cells, STING agonists risk 

to be picked-up by T cells present in the tumor microenvironment known to highly express 

STING, leading to their demise by apoptosis. This stands in complete contrast with the aim of 

transforming “cold tumors” into “hot tumors”.  
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Furthermore, STING agonists modulate a metabolic pathway which could dampen STING 

activation. STING agonists were shown to fit into the crystal structure of FADS2 and directly 

activate its dependent PUFAs desaturation activity leading to PUFAs accumulation. In turn, 

PUFAs were shown to inhibit STING (Vila et al. 2022).   

Finally, studies often focus on how to handle inflammation but little attention is given 

to what is following the post-airway injury phase that could impact future functional behavior 

of the immune system. In patients with systemic inflammation, phagocytosis alternations in 

AMs and circulating monocytes persisted over six months after resolution of inflammation 

(Roquilly et al. 2020). The experimental mouse model revealed that resident AMs that persist 

after resolution of inflammation bear epigenetic alterations of the signal-regulatory protein α 

(SIRPα), a negative regulator of phagocytosis, allowing the development of paralyzed AMs 

(Roquilly et al. 2020). Such immunoparalysis predisposes individuals to serious life-threatening 

issues.  
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Conclusion 

This thesis work allowed us to evaluate the contribution of cGAS-STING pathway in 

the development of severe forms of airway inflammatory diseases often associated with lung 

tissue injuries. Recently, Singh et al qualified the role of DNA in the regulation of the innate 

responses as “moonlighting” (Singh et al. 2023). Indeed, when massively released from injured 

tissue after STING hyper-activation, self-dsDNA triggers a second wave of inflammation and 

impairs lung function leading sometimes to severe uncontrolled forms of asthma with modified 

immune landscape, irresponsive to conventional treatments. On the other hand, this work 

allowed us to evaluate potential threatening side effects of STING agonist-based treatments 

mediated by cell stress/death and self-dsDNA release and how strategies targeting free self-

dsDNA alleviate lung inflammation without impairing the host defense elements. Overall, these 

studies uncover a potential overlap between ARDS and episodes of asthma exacerbation.   
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Résumé du travail de Thèse en Français 

 

Important : La version originale de ce document est rédigée en anglais, et s’articule autour 

des chapitres décrit ci-dessous. Pour de plus amples détails sur l’état de l’art de la présente 

thématique, veuillez-vous référer à la partie en anglais 

  
L’appareil respiratoire humain et animal est constamment menacé en raison de son 

exposition continue à la pollution de l'air, aux pathogènes aéroportés, aux polluants tels que la 

fumée de tabac ou l'exposition professionnelle, ou encore aux allergènes tels que les acariens, 

le pollen et la moisissure.  

Dans le premier chapitre d'introduction de ce document, nous réaliserons une analyse 

approfondie des réponses immunopathologiques associées à deux affections pulmonaires 

potentiellement mortelles, à savoir le Syndrome de Détresse Respiratoire Aiguë (ARDS) et 

l'exacerbation neutrophilique de l'asthme allergique, avec une description du rôle des 

principales cellules immunitaires innées et des mécanismes intracellulaires impliqués. 

Dans le second chapitre d'introduction, nous discuterons d'abord de l'impact crucial des 

lésions pulmonaires sévères sur la propagation et aggravation des affections inflammatoires 

pulmonaire. Nous aborderons les concepts précis des modalités de mort cellulaire les mieux 

décrites (apoptose, nécroptose, pyroptose et NETose), en suivant attentivement les 

classifications et recommandations du Comité National pour la Mort Cellulaire (NCDD), 

comment chaque type de mort cellulaire est régulé, et ce qui a conduit à la découverte majeure 

de la PANoptose, une modalité unique de mort cellulaire avec des implications 

pathophysiologiques significatives. 

Dans un deuxième temps, nous visons à élucider comment les voies complexes de mort 

cellulaire régulent la réponse immunitaire innée, et à comprendre les mécanismes qui rendent 

une mort cellulaire spécifique "inflammatoire". Nous décrypterons également le rôle des 

signaux de danger (DAMPs) libérés par la mort cellulaire lytique et non lytique, en mettant 

l'accent sur l'ADN comme signal de danger commun à toutes les morts cellulaires.  
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Dans un troisième temps, nous chercherons à approfondir notre compréhension de la 

manière dont la voie cGAS-STING régule les principales modalités de mort cellulaire en 

réponse à l'ADN du soi, en tant que mécanisme de rétroaction positive ayant des conséquences 

délétères sur le tissu pulmonaire. Enfin, nous explorerons les avancées majeures dans le 

domaine de la modulation immunitaire de la voie STING comme stratégie thérapeutique.  

Dans le troisième chapitre des résultats, nous exposerons nos études et les deux 

manuscrits associés. Dans le chapitre final de discussion, nous aborderons les principaux 

résultats et les limites des études, ainsi que les perspectives. 
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Enjeux actuels et objectifs de la thèse 

Dans le contexte climatique actuel très préoccupant, de récentes études indiquent que 

l'augmentation des températures que nous connaissons, induit des perturbations dans les 

périodes de pollinisation, les faisant débuter de manière précoce et à les prolonger. Ainsi, la 

durée d'exposition au pollen s'en trouve augmentée. De plus, les niveaux élevés de CO2 

atmosphérique résultant de la pollution due à l'hyper-industrialisation affaiblissent non 

seulement les barrières respiratoires, mais renforcent également le potentiel allergisant du 

pollen (Singh & Kumar, 2022; D'Amato et al., 2023). En effet, les particules polluantes 

affaiblissent la membrane externe du grain de pollen, résultant en des fragments plus petits 

capables de pénétrer plus profondément dans les voies respiratoires (Verscheure et al., 2023). 

De plus, le réchauffement climatique devrait augmenter la fréquence des pandémies 

émergentes (Gupta et al., 2021; Marani et al., 2021), comme celle qui nous a affecté en 2019, 

entraînant la mort de 6 million de personnes dans le monde. La migration des humains et des 

animaux en tant que réfugiés climatiques rassemblera des hôtes dont les systèmes immunitaires 

n'ont pas évolué pour contrer les mêmes agents pathogènes, facilitant ainsi la transmission de 

virus et de bactéries. 

Pris ensemble, ces données indiquent qu’à l’avenir, les troubles respiratoires risquent de 

devenir plus courants. En effet, l’organisation mondiale de la santé (OMS) prévoit qu'en 2050, 

la prévalence des maladies allergiques pourrait doubler, affectant 50 % de la population 

mondiale. Dans ce contexte, les personnes asthmatiques peuvent développer une inflammation 

sévère des voies respiratoires présentant les mêmes caractéristiques que le SDRA. Il est donc 

urgent de comprendre les mécanismes responsables de l'exacerbation des pathologies 

respiratoires, de développer de nouvelles approches thérapeutiques et de tester la sécurité de 

ces stratégies. 

Comme discuté dans l'introduction, le rôle de l'ADN du soi dans le déclenchement des 

réponses inflammatoires innées stériles et infectieuses est désormais bien connu. À travers 

l'étude de ces deux troubles respiratoires, notre objectif principal est d'évaluer et de caractériser 

le rôle de l'hyperactivation de la voie STING dans la médiation des (1) formes potentiellement 

graves du syndrome de détresse respiratoire aiguë (ARDS), survenant lors d'une infection virale 
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respiratoire non contrôlée, ou (2) d'asthme allergique aggravé/exacerbé, pouvant survenir 

lorsque des individus asthmatiques sont infectés par des virus/bactéries respiratoires ou exposés 

à la pollution atmosphérique. 

Plusieurs études ont suggéré l'utilisation d'un agoniste de STING, tel que le diABZI, 

comme stratégie thérapeutique pour réduire la charge virale du SARS-CoV-2 durant la 

pandémie Covid-19. Nous avons cherché à comprendre les mécanismes immunomodulateurs 

induits par cette molécule thérapeutique candidate dans des organismes immunocompétants et 

immunodéficients pour plusieurs elements de la voie cGAS-STING. Nous voulions déterminer 

si booster pharmacologiquement la voie STING se limite à l'activation de la voie de l'IFN de 

type I, ce qui serait bénéfique pour l’hôte lors d'une infection virale, ou si cela peut également 

propager l'inflammation et entraîner des boucles de rétroaction positive d'inflammation non 

contrôlée, entraînant des lésions tissulaires. Dans ce scénario, il serait nécessaire de réévaluer 

le rapport bénéfice/risque de l'utilisation du diABZI ou d'autres agonistes de STING pour le 

traitement des infections virales.  

Dans la section Introduction, nous avons souligné l'implication de la voie cGAS-STING 

dans la physiopathologie de l'asthme classique à dominance Th2 et son activation par les virus 

respiratoires ou la pollution atmosphérique telle que les particules de diesel. D'autre part, nous 

savons maintenant que les virus respiratoires tels que les rhinovirus, le SARS-CoV2 ou l'IAV 

entraînent régulièrement des exacerbations de l'asthme, avec infiltration neutrophilique 

pulmonaire et production de médiateurs Th1. Ces formes sévères d'épisodes d'asthme 

neutrophiliques entraînent souvent des hospitalisations et rendent la pathologie réfractaire aux 

traitements conventionnels. 

Sur la base de ces informations, nous avons évalué l'impact de l'hyperactivation de la 

voie STING sur l'immunopathologie de l'asthme classique à dominance Th2. Nous avons mimé 

l'infection virale ou l'exposition aux particules polluantes pendant les réponses allergiques, en 

utilisant un modèle murin d'asthme allergique induit par les HDM sensibilisé aux agonistes de 

STING dans les voies respiratoires. En suivant cette approche expérimentale, nous avons 

évaluer l'implication de la voie STING dans la médiation de formes sévères non classiques 

d'asthme neutrophilique, et son potentiel à aggraver la fonction pulmonaire et les lésions. Dans 

ce context, une attention particulière devrait être portée à l'atténuation de l'hyperactivation des 

voies STING dans la prise en charge clinique de l'exacerbation sévère de l'asthme.  
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Résultats 

Article 1: STING agoniste diABZI induit la PANoptose et un syndrome de détresse 

respiratoire aiguë (ARDS) médié par l'ADN du soi.  

Yasmine Messaoud-Nacer, Elodie Culerier, Stéphanie Rose, Isabelle Maillet, Nathalie Rouxel, 

Sylvain Briault, Bernhard Ryffel, Valérie F. J. Quesniaux, et Dieudonnée Togbe. Cell Death 

and Disease (2022) 13:269; https://doi.org/10.1038/s41419-022-04664-5. 

Les interférons ont toujours été considérés comme étant la première ligne de défense de 

l'organisme contre les infections ou les cellules transformées. En effet, les souris dépourvues 

du récepteur IFNα/β montrent une réponse antivirale altérée. De plus, une faible production 

d'interférons chez les patients infectés par le SARS-CoV-2 est corrélée à une faible clairance 

virale, soulignant leur importance clinique et thérapeutique (Blanco-Melo et al. 2020 ; Hadjadj 

et al. 2020). 

Il existe trois familles d’interférons: les interférons de types I (IFN-α/β) et III (IFN-λ) 

avec des propriétés antivirales canoniques, et le type II (IFN-γ) avec des propriétés pro-

inflammatoires et immunomodulatrices (Lazear et al. 2019). Les IFN de type I et de type III 

signalent à travers deux récepteurs hétérodimériques distincts, à savoir IFNAR/IFNAR2 et 

IL28Rα/IL10Rβ, respectivement. Les deux familles signalent à travers la voie JAK1-STAT-1/-

2 pour activer le complexe de transcription hétérotrimérique ISGF3. L'ISGF3 activé comprend 

STAT1 et STAT2 phosphorylés, ainsi que le facteur de régulation de l'interféron 9 (IRF9), et 

transloque dans le noyau pour se fixer et activer les éléments de réponse stimulés par les IFN 

ou ‘ISRE’ dans les régions promotrices des ISGs (Katze et al. 2002), qui encodent environ une 

centaine de protéines antivirales, telles que OAS, MX1 ou IFIT (Lazear et al. 2019). 

Pendant la pandémie mondiale de COVID-19, la thérapie par les IFN, incluant tous les 

sous-types, a été administrée cliniquement aux patients, dans une tentative de gérer la crise. 

Jhuti et al. ont rapporté que parmi 11 essais examinés, 5 études ont rapporté un résultat positif, 

4 ont rapporté peu ou pas de différence entre le groupe traité l'IFN et le groupe contrôle, et 2 

études ont déclaré aggravation des manifestations cliniques chez les patients traités par rapport 

aux contrôles (Jhuti et al. 2022). Plus tard, ces incohérence jugeant de l’efficacité du traitement 

aux interférons dans ce contexte infectieux, ont été partiellement expliquées par le timing de 

l'administration des IFNs. En effet, lors des infections aiguës, une administration précoce des 

IFN de type I chez dans un modèle murin induit des réponses antivirales protectrices, tandis 

https://doi.org/10.1038/s41419-022-04664-5
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qu'une administration tardive des IFN amplifie la production de cytokines pro-inflammatoires 

induisant des dommages tissulaire chez l’hôte (Davidson et al. 2014; Galani et al. 2017). De 

plus, il a été découvert que le SARS-CoV-2 retardait la réponse immunitaire innée comme 

stratégie d'évasion immunitaire (Li et al. 2021), soulignant la nécessité d'adapter la cinétique de 

l'administration des IFNs pour améliorer la réponse immune antivirale tout en limitant les 

dommages collatéraux aux tissus hôtes. 

Li et al. ont suggéré l'utilisation de l'agoniste STING diABZI comme une stratégie 

thérapeutique alternative pour améliorer la production des IFN de type I durant les phases 

précoces de l'infection tout en limitant les dommages collatéraux. Leur suggestion était motivée 

par le caractère transitoire de la stimulation de la production des IFNs après l'activation aiguë 

de la voie STING. Dans cette étude, les auteurs ont montré que l’agoniste de STING a induit la 

production des IFNs et des ISGs de manière transitoire, ce qui a contribué à réduire la charge 

virale, tandis que le traitement par IFNβ a conduit à une expression soutenue des ISGs et a été 

moins efficace que diABZI (Li et al. 2021). Un autre groupe a confirmé l'effet bénéfique de 

diABZI sur la clairance virale (Humphries et al. 2021).  

Sur la base de ces résultats, nous avons cherché à évaluer le paysage immunitaire 

pulmonaire modulé par diABZI chez des souris immunocompétentes, et à déterminer si la 

réponse transitoire des IFN de type I rapportée dans les études précédentes pouvait induire des 

dommages tissulaires et cellulaires, ce qui pourrait à son tour alimenter une boucle de 

rétroaction positive entre inflammation et dommages. 

Nous avons d'abord étudié l'effet de l'agoniste naturel de STING, cGAMP, à la fois in 

vivo par administration intra-trachéale, et in vitro dans des macrophages dérivés de la moelle 

osseuse (BMDM) de souris de type sauvage et STING−/−. L’agoniste endogène cGAMP a induit 

une neutrophilie pulmonaire comme en témoigne la sécrétion de CXCL1 (KC) et de MPO dans 

les lavages broncho-alvéolaire (BALF), l'activation des voies inflammatoires incluant IRF3 et 

NFκB, et des lésions pulmonaire massives associée à une libération d'ADN double brin du soi 

dans les voies respiratoires. La stimulation in vitro des BMDM avec cGAMP a révélé une 

production précoce des IFN de type I dès 2 heures après le traitement, avec une production 

d’ISGs (CXCL10) et l'expression de plusieurs senseurs d'ADN, mesurée à 4 et 16 heures après 

le traitement. 
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Nous avons ensuite testé l'agoniste STING non-CDN diABZI connu pour être plus 

stable que l’agoniste endogène, d'abord in vitro dans les cellules immunitaires de souris 

(BMDM) et les cellules épithéliales humaines. De même, diABZI a induit la production d'IFN 

de type I (α/β) et d'autres cytokines pro-inflammatoires 16 heures après le traitement, des 

dommages d'ADN mis en évidence par la phosphorylation de γH2AX et la mort cellulaire avec 

des marqueurs d'apoptose, de pyroptose et de nécroptose au niveau du tissue pulmonaire. In 

vivo, l'administration intratrachéale de diABZI a induit la production d'IFN-α / IFN-β et des 

cytokines pro-inflammatoires IL-6 / TNF-α résultant de l'activation des voies STING et NFκB, 

respectivement. Nous avons révélé la présence de quantités critiques d'ADN double brin du soi, 

en partie d'origine mitochondriale, témoignant du stress cellulaire induit par le traitement. Une 

forte infiltration neutrophilique avec la libération de NETs a été caractérisée dans le poumonSur 

le plan histopathologique, d'importants infiltrats péribronchiques de cellules inflammatoires se 

sont étendus au parenchyme pulmonaire avec des signes de lésion épithéliale après 

administration de diABZI. 

Nous avons ensuite voulu déterminer précisemment l’origine de l’ADN double brin 

detectée dans les voies respiratoire. Plusieurs rapports ont démontré que STING pouvait 

directement activer les voies pro-apoptotique.  Nous avons évalué et montré l'occurrence de 

l'apoptose, ainsi que la mort cellulaire lytique la plus caractérisée, la pyroptose et la nécroptose 

dans le tissu pulmonaire après l'administration de diABZI. La présence des 3 marqueurs de mort 

cellulaire suggérait la PANoptose. Nous avon par la suite confirmer la formation du complexe 

PANoptotique en évaluant la co-localisation de la caspase-8, ASC et RIPK3 par microscopie 

confocale. 

Connaissant le rôle que l'ADN peut jouer dans l'inflammation, nous avons émis 

l'hypothèse que l'ADN libéré pourrait agir comme un second signal pour amplifier 

l'inflammation pulmonaire. Pour aborder cette question, nous avons d'abord analyser 

l'expression de plusieurs capteurs d'ADN et trouvé des niveaux accrus de cGAS (qui a été 

contourné au premier signal inflammatoire lors de l'amorçage de STING avec diABZI), mais 

aussi de Aim2, Ifi204, Nlrp3, Ddx41 et Tmem173.  

Afin de caractériser davantage le rôle de l'ADN dans la médiation des lésions 

pulmonaires, des souris traitées au diABZI ont reçu soit une administration intratrachéale de 

DNAase I, soit une administration intrapéritonéale de Cl-Amidine, un inhibiteur de la formation 

de NET. La dégradation de l'ADN double brin du soi la DNAase I a entraîné une diminution de 
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l’infiltration des neutrophiles au niveau pulmonaire, une réduction dans la proportion de NETs 

ainsi qu'une diminution de l’infiltration des cellules immunes CD45+ nécrotiques annexine V+ 

iodure de propidium (PI)+ et des cellules annexine V+ apoptotiques PI−. De même, l'inhibition 

des NET avec le traitement à la Cl-Amidine a contribué à réduire l'infiltration des neutrophiles 

dans le poumon et a révélé l'existence d'une interaction entre l'activation de STING médiée par 

les lésions pulmonaires et la formation de NET. En effet, l'inhibition des NETs chez les souris 

traitées par diABZI a entraîné une réduction des dommages à l'ADN, comme en témoignent la 

phosphorylation de l'histone γH2AX, mais aussi tous les marqueurs de la PANoptose évalués. 

De plus, la mort cellulaire lytique évaluée par libération de lactate déshydrogénase (LDH) dans 

les lavages broncho-alvéolaire a été atténuée après l'inhibition. Ainsi, nous présentons les 

premières preuves établissant un lien entre les NET et la PANoptose. 

Dans l'ensemble, notre étude a démontré que les stratégies thérapeutiques utilisant 

l'agoniste de STING diABZI induisent en effet une induction précoce des IFN de type I, ce qui 

peut être bénéfique pour les patients infectés afin de contrer l'évasion immunitaire virale innée. 

Cependant, la cascade inflammatoire subséquente, conduisant à des dommages d’ADN de 

l'hôte, à l’activation de mécanismes de mort cellulaire lytique et les lésions tissulaires 

pulmonaires, révèle que la balance entre les bénéfices et les risques peut être facilement inversé. 

Cela rend difficile l'appréciation complète des propriétés antivirales de l'agoniste de STING 

diABZI, et pose des défis supplémentaires pour définir les doses et les voies d'administration 

adéquates afin de contrôler l’infection virale sans compromettre la fonction pulmonaire de 

l’hôte.  
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Article 2:  Induction STING-dépendante de l’exacerbation d’asthme de type 

neutrophilique en réponse aux acariens domestiques.   

Yasmine Messaoud-Nacer, Elodie Culerier, Stéphanie Rose, Isabelle Maillet, Bernard 

Malissen, Urszula Radzikowska, Milena Sokolowska, Gabriel VL da Silva, Michael R 

Edwards, David J Jackson, Sebastian L Johnston, Bernhard Ryffel, Valerie F. Quesniaux, et 

Dieudonnée Togbe* Article soumis. 2023 

La persistence de la réponse allergique malgré un traitement aux corticostéroïdes oraux 

(OCS) à haute dose caractérise les exacerbations sévères de l'asthme. Chez un sous-groupe de 

patients asthmatiques, il existe une implication évidente des neutrophiles dans les poumons, ce 

qui augmente la gravité de la maladie et corrèle avec une insensibilité aux corticostéroïdes. 

Comprendre les voies immuno-inflammatoires qui conduisent à l'asthme neutrophilique 

aiderait à sélectionner des traitements plus appropriés (Nair et al. 2020; Ragnoli et al. 2022).  

Dans cette étude, nous avons émis l'hypothèse que la voie de détection de l'ADN cGAS-

STING joue un rôle dans l'exacerbation de l'asthme neutrophilique suite à une infection virale 

ou à une exposition à la pollution, et pourrait ainsi représenter une nouvelle cible thérapeutique. 

Pour tester cette hypothèse, nous avons spécifiquement ciblé STING in vivo chez des souris, 

avec des agonistes de STING (cGAMP, diABZI) au cours des réponses allergiques aux acariens 

domestique (HDM), et analysé les paramètres inflammatoires. 

Les agonistes de STING, en particulier diABZI, ont induit une forte infiltration de 

neutrophiles dans les poumons et une réponse immunitaire de type 1 (Th1) en plus de la réponse 

immunitaire Th2 préexistante, tout en aggravant la résistance pulmonaire induite par les HDM, 

mimant ainsi les principaux marqueurs de l'exacerbation de l'asthme neutrophilique. De plus, 

nous avons démontré pour la première fois que les neutrophiles infiltrés suite à l'hyperactivation 

de STING présentent un profil pro-inflammatoire N1 (NOS2+ ARG1-) avec un fort potentiel à 

former des NETs, contrairement aux neutrophiles induits par les HDM, qui présenterait plus un 

profil N2 (NOS2+ ARG1-). Localement, au niveau du tissu pulmonaire, nous avons montré une 

importante augmentation de l'infiltration des leucocytes et des lésions épithéliales, avec une 

diminution dans le nombre de goblets cells. Nous avons également montré des preuves de 

dommages à l'ADN et des marqueurs de mort cellulaire suggérant une mort cellulaire de type 

PANoptotique. 
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Malgré le rôle hautement pathogène joué par les neutrophiles pro-inflammatoires dans 

l'exacerbation de l'asthme neutrophilique, les macrophages alvéolaires se sont révélés être l'un 

des principaux types de cellules pulmonaires responsables de la captation et l’intégration de 

l'agoniste naturel de STING cGAMP in vivo (She et al. 2021). Nous avons investigué la 

contribution des macrophages et des granulocytes en utilisant des souris déficientes 

conditionnelles pour la protéine adaptatrice STING. Les paramètres inflammatoires évalués, 

tels que l'infiltration de neutrophiles, la libération de type I IFN et de NET, étaient partiellement 

réduits chez les souris déficientes en STING de manière conditionnelle par rapport aux témoins 

de type sauvage. Ces résultats suggèrent que les cellules inflammatoires jouent un rôle dans la 

formation de la réponse exacerbée, mais ne sont pas exclusives à ces réponses pathologique 

dans ce contexte spécifique.  

Les résultats précédents nous ont incités à nous interroger sur le rôle des cellules 

épithéliales pulmonaires structurelles. Nous avons montré que les agonistes de STING 

affaiblissent davantage l’intégrité de la barrière épithéliale initié par l’allergène HDM in vivo 

chez les souris en agissant directement sur les jonctions serrées. De plus, les cellules épithéliales 

bronchiques humaines et les cultures cellulaires épithéliales bronchiques air-liquide imitant la 

barrière respiratoire ont montré la capacité de répondre aux agonistes de STING avec des 

preuves d'activation de la voie STING, d'induction de cytokines pro-inflammatoires ainsi que 

des dommages d'ADN qui alimenteront davantage l'inflammation. 

Pour valider davantage la pertinence de notre modèle murin d'exacerbation 

neutrophilique, nous avons testé si la voie STING était également hyperactivée chez les patients 

asthmatiques souffrant d'infections respiratoires, ou chez les patients atteints d'asthme sévère 

en comparaison aux témoins sains. À cet effet, nous avons analysé les données disponibles 

publiquement provenant de cellules épithéliales bronchiques stimulées in vitro au rhinovirus 

RV-A16, des prélèvements bronchiques de patients asthmatiques et de témoins sains infectés 

expérimentalement par le rhinovirus in vivo, et des PBMC de patients atteints d'asthme sévère 

et de témoins. En effet, nous avons trouvé une expression accrue de la voie STING dans les 

cellules épithéliales bronchiques des patients asthmatiques par rapport aux témoins après 

infection par le rhinovirus. Cette expression était accompagnée d'une augmentation de plusieurs 

gènes liés à la PANoptose, et d'une diminution de l'expression de plusieurs gènes de jonctions 

serrées, après infection par le rhinovirus chez les patients asthmatiques par rapport aux témoins. 

De plus, en analysant la signature des neutrophiles au niveau des prélèvements bronchiques 
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d'individus infectés expérimentalement, nous avons trouvé que NOS2 était augmenté tandis 

qu'ARG1 était diminué après infection par le rhinovirus chez les patients asthmatiques par 

rapport aux témoins, ce qui est en adéquation avec nos résultats expérimentaux.  

Ces résultats indiquent que l'activation incontrôlée de STING, par exemple après une 

infection par le rhinovirus, peut entraîner une exacerbation neutrophilique chez les patients 

asthmatiques, et faire basculer la réponse immunitaire d'une réponse classique à dominance Th2 

vers une réponse mixte Th1/Th2. Par conséquent, envisager les inhibiteurs de STING comme 

stratégie thérapeutique, seuls ou en combinaison avec d'autres traitements, pourrait améliorer 

l’état et le quotidien des patients atteints d'asthme sévère.  
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Discussion  

Ce travail de thèse visait à approfondir notre compréhension du rôle de STING dans 

l'inflammation pulmonaire, situé à l'intersection de plusieurs voies de détection de l'ADN, et 

comment l'activation de cette voie de défense immunitaire innée, censée conférer une protection 

à l'hôte, peut dans certaines circonstances conduire à des effets délétères sur l’intégrité du tissue 

pulmonaire. 

Bien que les deux maladies respiratoires que nous avons étudiées diffèrent par leurs 

processus physiopathologiques, dans les deux cas, une inflammation pulmonaire exacerbée ou 

persistante peut entraîner d'importantes difficultés respiratoires, parfois fatales. Nous avons 

démontré que l'inflammation induite suite à l'activation de la voie STING a entraîné une 

neutrophilie pulmonaire avec formation de NETs, accompagnés de lésions sévères du tissu 

pulmonaire caractérisées par une mort cellulaire de type lytique, qui à son tour provoque une 

libération massive de dsDNA du soi, considéré en tant que signal de danger majeur (DAMP) 

par les systèmes de surveillance de l’immunité innée.  

Le poumon est un organe vital particulièrement susceptible à l'amplification de 

l'inflammation. La haute disponibilité en oxygène dans le tissu pulmonaire comparé à d'autres 

tissus, résulte en une plus grande capacité à produire des ROS. Le complexe NADPH oxydase 

des cellules immunitaires innées réduit l'oxygène en anion superoxyde et le libère dans l'espace 

extracellulaire. Considérant la nature instable de l’anion superoxyde, ce dernier peut rapidement 

être converti en peroxyde d'hydrogène (H2O2). L'enzyme myéloperoxydase (MPO), fortement 

exprimée par les cellules immunitaires, utiliserait le H2O2 pour produire une gamme de ROS 

qui endommagerait les tissus. Les ROS sont centraux dans la formation des NETs, faisant du 

poumon un environnement favorable à la formation des NETs et, par conséquent, l'exposant 

aux effets potentiellement dommageables des NETs.  

Nous avons identifié des agonistes de STING, dont le diABZI, comme de puissants 

inducteurs de NETs. Cette activation corrèle avec une augmentation de l'afflux de neutrophiles 

au niveau du poumon accompagnée d'une surexpression de la MPO. De ce fait, cet aspect de 

susceptibilité tissulaire doit donc être pris en considération dans les pathologies pulmonaire où 

STING est clairement impliqué, et pour lesquelles on envisagerait des stratégies thérapeutiques 

visant à renforcer l'activation de STING au niveau de ce tissu.  
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Dans un contexte physiologique, la protéine de surfactant D produite par les cellules 

ATII est responsable de la clairance des cellules mortes, y compris les NETs (Cahilog et al. 

2020). Cependant, dans les pathologies où la barrière pulmonaire est endommagée par induction 

d'apoptose de nécrose des cellules épithéliales, les études ont décrit l’altération des niveaux de 

production de surfactant, comme rapporté dans le SDRA ou les réponses inflammatoires 

allergiques (Choi et al. 2020). Par conséquent, cela entraînerait l’accumulation et la persistance 

des NETs au niveau du tissu pulmonaire. Dans notre modèle murin d'exacerbation de l'asthme, 

nous avons montré des preuves de rupture de la barrière respiratoire via visualisation de la 

protéine de jonction ZO-1. Nous avons également constaté une réduction de l'expression des 

gènes impliqués dans l’établissement des jonctions serrées dans des échantillons 

bronchoscopiques de patients asthmatiques en comparaison aux témoins sains. Cela pourrait 

entraîner une altération des niveaux de protéines du surfactant, ce qui expliquerait la persistance 

des NETs dommageables dans le parenchyme pulmonaire que nous avons visualisé dans les 

deux modèles. L'évaluation des niveaux de surfactant pulmonaire en tant que biomarqueur de 

risque pourrait aider à prédire la gravité de l'inflammation neutrophilique pulmonaire.   

De plus, les NETs pourraient directement déstabiliser la barrière épithéliale. 

Récemment, Sun et ses collaborateurs ont démontré une corrélation entre l'infiltration des 

NETs, le dysfonctionnement de la barrière intestinale induite par septicémie ainsi qu’une lésion 

des entérocytes chez ces patients où l’axe TLR9-ER et l'apoptose seraient impliqués. Par 

ailleurs, les auteurs ont démontré que l’absence de PAD4, dont la fonction est essentielle à la 

formation des des NETs a atténuer la perturbation observée sur la barrière intestinale. (Sun et 

al. 2021). Bien qu’il s’agît ici d'un autre contexte pathologique, il serait intéressant de vérifier 

si nous observons la même corrélation dans nos modèles d'inflammation pulmonaire. 

Plusieurs études ont établi un lien entre la formation excessive de NETs et les lésions 

pulmonaires dans un contexte d'ALI / ARDS, ou d'asthme allergique expérimental (Lefrançais 

et al. 2018 ; Barnes et al. 2020 ; Thierry et al. 2020 ; Radermecker et al. 2019). Les NETs 

médient directement leurs effets dommageables sur le tissu pulmonaire par le biais de molécules 

fixées sur les filaments d’ADN. Les composants les plus abondants des NETs sont les histones, 

les élastases et la MPO. Dans un modèle murin de lésions pulmonaires induites par le LPS, les 

histones dérivées des NET ont induit la cytotoxicité et la mort cellulaire des cellules épithéliales 

et endothéliales (Saffarzadeh et al. 2012). Dans cette études les auteurs ont ensuite démontré le 

potentiel nocif des histones en utilisant des anticorps anti-histones neutralisants ou un composé 

polyanionique qui masque les histones, ce qui a entraîné une diminution de la cytotoxicité 
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induite par les NETs, tandis que l’inhibition des  l'élastases (NE) n'a eu aucun effet, tandis que 

la MPO a modérément diminué la cytotoxicité médiée par les NETs (Saffarzadeh et al. 2012). 

D'autre part, au cours de la pathogenèse de COVID-19, les élastases semblent être les 

composants les plus importantes des NETs, responsables des dommages endothéliaux (Thierry 

et al. 2020).  

Nous avons montré une augmentation de l'expression de la MPO et des histones 

citrullinées après l'activation de STING, formant une structure en nuage remplissant la surface 

des alvéoles pulmonaires, typique de la présence de NETs. Nous avons confirmé l'effet délétère 

sur le tissu pulmonaire par l'inhibition de la formation des NETs via l’inhibition de PAD4, ce 

qui a entraîné une diminution des dommages d'ADN et une diminution de plusieurs marqueurs 

de différents types de mort cellulaire. Il serait intéressant, dans le cadre de futurs travaux de 

déterminer spécifiquement quels composants dérivés des NETs seraient les plus impliquées 

dans l’induction des lésions tissulaires après hyperactivation de STING dans nos modèles. 

Neutraliser spécifiquement les protéines les plus à risque des NETs pourrait être 

particulièrement intéressant dans les exacerbations de réponses inflammatoires induites par des 

agents infectieux, afin de bénéficier de la fonction de piégeage des agents pathogènes sans 

compromettre l’intégrité du tissu pulmonaire.  

Dans notre modèle de souris ARDS, nous avons démontré la survenue de mort cellulaire 

de type lytique en mesurant la LDH dans le lavage broncho-alvéolaire. Conformément à la 

recommandation de la NCDD, nous pouvons supposer que les NETs dans ce modèle 

proviennent d'un processus de mort cellulaire et non de neutrophiles viables. Récemment, 

Stojkov et ses collaborateurs ont démontré que le processus au cours duquel un neutrophile 

viable formerait un NETs serait indépendant de la GSDMD. Ils ont montré que l'activation de 

l'inflammasome entraînait le clivage de la GSDMD avec formation de mais ne conduirait pas à 

la rupture de la membrane et à la mort de la cellule. De plus, les neutrophiles GSDMD-/- ont 

conservé la capacité à former des NETs dans les mêmes conditions expérimentales.  (Stojkov 

et al. 2023). En revanche, une autre étude a démontré que le LPS cytosolique et les bactéries 

Gram négatives cytosoliques induisaient l'activation de la caspase-11, suivi du clivage de la 

GSDMD entrainent une rupture de la membrane plasmique qui permet l'extrusion de l'ADN et 

donc la NETose (Chen et al. 2018).  

Le clivage du GSDMD que nous avons détecté dans le tissu pulmonaire peut ne pas être 

suffisant pour vérifier la viabilité des NET observées. En effet, La GSDMD clivée pourrait 

émaner d’autres types cellulaires ou encore être le résultat de l’activation d’une autre modalité 
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de mort cellulaire. Afin d’écarter la contribution d’autre sources, il serait intéressant d’effectuer 

une isolation ex vivo des NETs et d’évaluer spécifiquement le clivage des GSDMD au niveau 

des neutrophiles afin d’établir le statut de viabilité des NETs, bien que cette technique pourrait 

s’avérer particulièrement challengeante.  

Il est essentiel de les considérer les neutrophiles comme une population hétérogène, 

susceptible d'avoir des fonctions distinctes. Plusieurs études ont identifié des sous-types de 

neutrophiles exprimant des marqueurs de surface distincts et présentant une plus grande 

capacité à effectuer des NET. Les neutrophiles olfactomédine 4 (OLFM4+) ont augmenté dans 

les crachats de patients souffrant d'asthme non contrôlé (Mincham et al. 2021). Ce sous-type a 

une capacité importante à former des NETs par rapport aux neutrophiles OLFM4- (Mincham et 

al. 2021). De même, les neutrophiles CXCR4hi étaient également plus nombreux chez les 

patients asthmatiques et associés à une plus grande capacité à former des NETs. Dans un modèle 

murin d'asthme induit par l’HDM et exacerbé par de faibles doses de LPS, Radermecker et ses 

collaborateurs ont identifié un sous-type de neutrophiles CXCR4hiCD49dhiLamp-1hi présents 

dans les poumons, qui étaient enclins à libérer des NETs et à favoriser « l’up-take » de l’HDM 

par les cellules dendritiques in vivo. En outre, le transfert adaptatif de ces sous-types de 

neutrophiles chez des souris traitées par HDM a entraîné une amplification de l'inflammation 

allergique, y compris l'éosinophilie des voies respiratoires, l'immunité de type 2, l'inflammation 

péribronchique et l'augmentation de l'hyper-section du mucus par rapport aux souris témoins 

(Radermecker et al. 2018).        

Notre étude de l'asthme allergique exacerbé a identifié un autre sous-type de 

neutrophiles associé à la libération de NETs. L'hyperactivation de STING au cours de la réponse 

allergique chez les souris a conduit à une polarisation des neutrophiles N1 NOS2+ARG1-, alors 

que les neutrophiles présents chez le groupe de souris représentant notre ligne de base d’asthme 

allergique à HDM, ou encore des souris exacerbées Poly(I:C) étaient alternativement activés 

ARG1+NOS2-. Sur le plan fonctionnel, les neutrophiles NOS2+ARG1- ont participé à la 

formation de NETs, confirmée par l'expression de Cit-Histone 3, alors que les neutrophiles 

ARG1+NOS2- n'ont pas produit de NETs. De manière intéressante, le même déséquilibre entre 

les populations de neutrophiles exprimant la NOS2 et celles exprimant l'ARG1 a été retrouvé 

dans les biopsies bronchiques de patients souffrant d'asthme exacerbé par des rhinovirus en 

comparaison aux témoins sains.  

La classification phénotypique des sous-types de neutrophiles en profils N1 et N2 a été 

décrite pour la première fois dans le cancer. Cependant, on en sait encore très peu sur cette 
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plasticité dans d'autres contextes d'inflammations chroniques et aiguës. Dans un modèle murin 

d'infarctus du myocarde, les deux sous-populations N1 et N2 ont été séquentiellement détectées. 

Les neutrophiles N1 ont été isolés pendant la phase inflammatoire précoce de l'infarctus du 

myocarde et ont produit des niveaux élevés de cytokines pro-inflammatoires telles que le TNF-

α et l'IL-1β, tandis que les neutrophiles N2 étaient concomitants de la phase de résolution et ont 

montré des marqueurs anti-inflammatoires tels que la libération d'IL-10 (Ma Y et al. 2016). 

Plus récemment, les différences phénotypiques et fonctionnelles des populations N1 et N2 ont 

été étudiées. En cohérence avec nos résultats, parmi les différents paramètres analysés, les 

neutrophiles N1 comparés aux N2, ont révélé des niveaux significativement plus élevés de NO 

suggérant une expression plus élevée de NOS2, ainsi qu'une augmentation des ROS et de 

l'expression des sous-unités de la NADPH oxydase, importante pour la libération des NETs 

(Mihaila et al. 2021). 

Récemment, Shin et al. ont démontré qu'une exposition intratrachéale à des particules 

de diesel liées à la pollution de l'air dans des souris HDM exacerbait les réponses immunitaires 

Th2 et Th17 de l'asthme et l'hyperréactivité des voies aériennes (AHR), par l'induction d'un 

sous-type spécifique de neutrophiles coexprimant Ly6G et SiglecF dans le poumon. Ces 

neutrophiles SiglecF+ sous l’effet l'ATP, un puissant signal de danger retrouvé dans 

l’environnement inflammatoire, amplifie leur capacité à libérer des NETs (Shin et al. 2022). 

Cette étude a complété une étude antérieure conforme à nos résultats, dans laquelle la pollution 

atmosphérique par les particules PM2,5 a provoqué une exacerbation de l'asthme chez des 

souris traitées à l'OVA. Les auteurs ont démontré que les PM2.5 augmentaient de manière 

significative le nombre de neutrophiles et de NETs. Par la suite, les NETs, probablement par le 

biais des neutrophiles élastase, ont augmenté l'expression de la quinone oxydoréductase1 

(NQO1), qui à son tour a aggravé l'hypersécrétion de mucus en augmentant l'expression de 

MUC5AC et STAT6, en accord avec nos résultats (He et al. 2021). Par ailleurs, l'implication 

spécifique de la voie cGAS/STING dans le contexte des lésions pulmonaires provoquées par 

les particules de diesel via la flore pulmonaire a été très récemment établie (Sun M et al. 2023).  

Étant donné les paramètres d'exacerbation décrits dans ces études, qui rappellent 

certaines de nos observations, il serait intéressant d'évaluer la contribution de la voie STING 

dans ces modèles d'exacerbation. En outre, il serait intéressant de déterminer si les sous-

ensembles de neutrophiles liés à l'exacerbation sont contexte dépendant, ou si plusieurs de ces 

marqueurs peuvent être exprimés simultanément dans diverses inflammations pulmonaires 

sévères, ouvrant ainsi la voie à des stratégies thérapeutiques multi-cibles.  
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Étant donné qu'un changement dans le profil des neutrophiles peut être suivi d'un 

changement de la fonction de la cellule, il est impératif d'approfondir la caractérisation des 

sous-types de neutrophiles. Cela permettra de prédire la sévérité des pathologies inflammatoire, 

ce qui serait particulièrement utile dans l'exacerbation de l'asthme neutrophile, dans laquelle les 

neutrophiles challenge l'efficacité des traitements actuels de l'asthme, qui ciblent 

principalement les éosinophiles tout en prolongeant la durée de vie des neutrophiles et leur effet 

délétère potentiel. 

Malgré leur contribution majeure dans nos modèles, les neutrophiles expriment des 

niveaux extrêmement faibles de STING et de cGAS (Xia et al. 2015). Cela peut signifier qu'ils 

ne sont pas les principales cellules répondant aux agonistes STING. En revanche, il est très 

probable que les macrophages alvéolaires, connus pour leurs niveaux élevés d'expression de 

STING, ou les cellules épithéliales soient les premières cellules à répondre et activer STING, 

suivies par les neutrophiles en tant que cellules " répondeuses ".  

L'analyse du tissu pulmonaire dans notre modèle d'exacerbation de l'asthme a révélé une 

nette différence en termes de phosphorylation de STING, de dommages à l'ADN avec γH2AX 

phosphorylé et histone3 citrulliné et cGAS entre les conditions expérimentales où le lavage 

broncho-alvéolaire a été effectué (BAL), ou non effectué (NO), ce qui signifie que toutes les 

cellules immunitaires infiltrant le poumon ont été conservées et traitées avec le tissu 

pulmonaire. Ce résultat suggère fortement la contribution des cellules immunitaires infiltrant le 

poumon, en particulier les macrophages alvéolaires, dans l'activation de STING en réponse au 

diABZI, conformément à l'étude de She et de ses collaborateurs, présentant les macrophages 

alvéolaires comme le principal type de cellule dans le poumon intégrant le cGAMP 

extracellulaire (She et al. 2021). 

De plus, nos études in vitro sur les macrophages et les cellules épithéliales humaines ont 

montré que les deux types de cellules peuvent répondre aux agonistes STING et monter une 

réponse immunitaire innée efficace avec production d'IFN de type I, TNF-α, IL-6, induction de 

plusieurs senseurs d'ADN, signes de dommages à l'ADN avec pγH2AX et marqueurs de mort 

cellulaire régulée, ce qui suggère fortement une collaboration des deux types de cellules pendant 

le processus d'initiation.  

Ce qui fait que les agonistes de STING, y compris le cGAMP naturel, ciblent 

préférentiellement les macrophages ou les cellules épithéliales, tous deux connus pour exprimer 

fortement STING dans le poumon, n'est pas encore documenté. Intuitivement, on pourrait 
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supposer que les agonistes de petit poids moléculaire tels que le diABZI dépendent de la 

présence ou non, et de la fréquence d’expression du STING membranaire (pmSTING) 

récemment décrite (Li X et al. 2022). Les agonistes de type CDN et les CDN chimiquement 

modifiés pourraient dépendre de la fréquence de canaux et de transporteurs spécifiques décrits 

dans l’introduction exprimés de manière ubiquitaire et également des pmSTING.  

Dans ce contexte, nous pourrions imaginer deux scénarios possibles : 

Le premier est basé sur l'hypothèse de la barrière épithéliale proposée par Akdis C 

(Akdis C. 2021), dans laquelle les cellules épithéliales sont d'abord fragilisées et blessées par 

les agonistes STING (le DAMP ici), ce qui entraîne la mort cellulaire et la libération massive 

d'ADN. Cela activerait à son tour la machinerie des senseurs d'ADN dans les macrophages ainsi 

que l'efférocytose pour tenter d'éliminer les cellules mortes. Ceci aboutirait ultérieurement  à la 

chimioattraction des neutrophiles aux effets potentiellement délétères entrainant d’avantage de 

dommages. En d'autres termes, le scénario 1 soutient l’hypothèse de la mort cellulaire qui serait 

à l’origine de l'hyperinflammation.  

Dans le second scénario, les macrophages alvéolaires sont les premiers à détecter les 

agonistes STING et à y répondre, ce qui entraîne la sécrétion d'importantes cytokines (IFNα, 

IFNβ, TNFα, IL-6, CXCL10), puis l'infiltration de neutrophiles et la formation de NETs. À leur 

tour, les NETs qui remplissent les alvéoles endommagent le tissu pulmonaire par leurs sous-

produits et conduisent à une mort cellulaire massive au niveau de la barrière épithéliale et du 

parenchyme pulmonaire. En d'autres termes, ce scénario soutient l'idée selon laquelle 

l'inflammation conduit à la mort cellulaire et alimente par la suite une seconde vague 

d'inflammation exacerbée.  

Les résultats de nos études in vitro ont montré que les macrophages réagissaient 

pleinement au diABZI en passant de la phosphorylation de STING à la phosphorylation d'IRF3, 

dès 60 minutes après la stimulation. De plus amples investigations in vitro confrontant les 

cellules épithéliales et les macrophages, ainsi qu'une étude cinétique in vivo pourraient nous 

aider à répondre à cette question.   

Quel que soit le scénario, la libération massive d'ADN semble inéluctable. Dans ce 

travail, nous avons concentré notre attention sur l’ADN double bin du soi émanant du tissu 

pulmonaires rendu « perméable » par l’inflammation.   
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En plus de l'ADN exposé par les NETs, nous avons montré dans le tissu pulmonaire des 

marqueurs d'apoptose, de nécroptose et de pyroptose, participant à l'augmentation de l'ADNdb 

libre mesuré dans le BALF avec preuves de formation du complexe PANoptotique 

probablement dans les macrophages. De plus, nous avons révélé la présence d'ADNmt 

(mitochondrial) dans le BALFs de souris atteintes de ARDS. 

Il est possible que les cytokines inflammatoires libérées peu après la prise en charge de 

l'agoniste STING dans nos modèles, en particulier le TNF-α, participent activement à la 

libération de l'ADNmt. Dans le contexte de l'arthrite inflammatoire, Willemsen et al. ont montré 

qu'une stimulation IFN prolongée a un effet inhibiteur sur le mécanisme de mitophagie médié 

par PINK1, déclenchant un stress mitochondrial suivi d'une libération d'ADNmt et d'une 

signature IFN dominante subséquente par le biais d'une régulation à la hausse des ISG d'une 

manière dépendante de cGAS-STING (Willemsen et al. 2021). Ainsi, la voie cGAS-STING 

pourrait utiliser l'axe d'inhibition TNF-PINK1 comme un mécanisme de rétroaction positive 

pour renforcer sa propre activation. Cela indique que se concentrer sur l'inhibition de la voie 

STING et sa production directe d'IFN n'est pas la seule option à envisager pour les 

interféronopathies, puisqu'il existe d'autres mécanismes de régulation en amont tels que l'axe 

TNF-PINK1.    

De plus, le TNF-α est impliqué dans l'altération de la phagocytose des cellules mortes 

par les macrophages (McPhillips et al. 2007), ce qui entraîne une accumulation de débris de 

cellules mortes. En l'absence de mécanismes d'élimination efficaces, l'apoptose, connue pour 

son statut immunitaire silencieux, se transforme en mort cellulaire lytique et libère le contenu 

de ses corps apoptotiques en l'espace de 15 heures (Tanzer et al. 2020).  

Nous avons rapporté une augmentation de la régulation du TNF-α dans modèles murins 

d’inflammation pulmonaire. Dans un contexte plus relevant sur le plan clinique, tel que 

l'exacerbation de l'asthme chronique chez l'homme, impliquant une exposition plus prolongée 

au TNF-α par rapport à nos modèles, nous pouvons imaginer qu'il existe un risque potentiel que 

l’apoptose soit « instrumentalisée » au profil de l’amplification de l’inflammation, même durant 

les processus physiologiques de renouvellement cellulaire des tissus, en la rendant lytique et 

inflammatoire. Ceci pourrait être potentiellement pertinent au cours des maladies 

inflammatoires chroniques de l'intestin où l'épithélium intestinal se renouvelle très rapidement 

(3-4 jours).  
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 Parmi les divers effets du TNF-α, une étude du laboratoire du Pr Kanneganti a montré 

une action synergique du TNF-α et de l'IFN-γ dans la stimulation de la PANoptose dans la 

mortalité due au SRAS-CoV2 causée par la tempête de cytokines (Karki et al. 2021). En effet, 

le traitement concomitant au le TNF-α et l'IFN-γ a induit une mort cellulaire importante avec 

des marqueurs de PANoptose dans les cellules BMDM et les lignées cellulaires THP-1. L’étude 

a également révélé que les marqueurs de PANoptose dépendaient de l'axe STAT1/IRF1 après 

une stimulation synergique par le TNF-α et l'IFN-γ. Dans ce contexte spécifique, la voie 

STAT1/IRF1 contrôle l'expression de l'iNOS et augmente la sécrétion de NO conduisant à la 

mort cellulaire, alors que les BMDM NOS2-/- sont protégées. Cette observation expérimentale 

est cohérente avec les données de patients atteints de forme grave de COVID-19 exprimant des 

niveaux significativement plus élevés de NOS2 par rapport aux témoins sains (Karki et al. 

2021).   

Nous avons montré l’expression des marqueurs PANoptotiques dans le modèle de 

ARDS et dans le modèle d'exacerbation de l'asthme neutrophilique après l'administration 

d'agonistes STING. Nous avons mis en évidence la régulation à la hausse des marqueurs 

d'apoptose, de nécroptose et de pyroptose, ainsi que la régulation à la hausse des composants 

du complexe PANoptotique tels que ZBP1, la caspase-8 et RIPK3 dans le tissu pulmonaire. De 

plus, la microscopie confocale réalisée sur la fraction cellulaire du BAL nous a permis de 

visualiser la formation du complexe PANoptotique composé de la caspase-8, de l'ASC et de 

RIPK3 dans les macrophages mais pas dans les neutrophiles. Dans notre travail, nous avons 

décrit l’activation de la PANoptose en tant que conséquence indirecte survenant en aval de 

l'activation de STING, et démontré un lien entre les NETs et les marqueurs de PANoptose dans 

le poumon. Cependant, il serait intéressant dans de futures études d'avoir un aperçu des 

mécanismes moléculaires précis impliqués dans ces processus. 

En accord avec l'étude de Karki, nous avons démontré une augmentation des niveaux 

de TNF-α et d'IFN-γ pendant l'exacerbation neutrophilique de l'asthme allergique. En effet, la 

réponse allergique est passée d'une réponse Th2 classique charactérisée par une production de 

cytokines de type 2 à une réponse mixte Th2/Th1 avec induction de l'IFN-γ, du TNF-α et de 

l'IFN de type I après un traitement par agonistes STING. Il est donc plausible que la synergie 

entre le TNF-α et l'IFN-γ soit à l'origine du processus inflammatoire PANoptotique conduisant 

à une mort cellulaire lytique massive et à des lésions. 

En realité, la synergie entre le TNF-α et l'IFN-γ n'est pas un concept nouveau et a été 

documentée dans la littérature depuis 1998, Zhang et al. ont démontré leur rôle synergique dans 
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la médiation des effets anti-toxoplasmiques par l'amélioration de la production de NO par les 

macrophages (Zhang et al. 1998). Cette combinaison a été impliquée dans la progression de 

diverses maladies inflammatoires, comme dans la progression de la maladie d'Alzheimer, où 

elle est corrélée aux niveaux de NO (Belkhelfa et al. 2014). En outre, le mécanisme d'action en 

aval du TNF-α et de l'IFN-γ a également été bien documenté dans le diabète auto-immun au 

cours duquel le TNF-α et l'IFN-γ agissent par l'intermédiaire de STAT1-IRF1 pour médier 

l'apoptose des cellules bêta (Suk et al. 2001a), ou dans les cellules cancéreuses du col de l'utérus 

ME-180 dans lesquelles le TNF-α et l'IFN-γ conduisent à l'apoptose ou à la nécroptose en 

fonction de l'état d'activation des caspases.  

En accord avec l’étude de Karki, nous avons révélé une régulation à la hausse de 

l'expression de NOS2 dans les neutrophiles in vivo après l’administration des agonistes de 

STING chez les souris traitées par HDM, ce qui suggère une production plus élevée de NO, 

tandis que les souris témoins HDM ont montré une polarisation alternative avec une signature 

neutrophilique ARG1. Dans ce modèle, nous n'avons pas étudié la polarisation des 

macrophages alvéolaires, mais nous pouvons suggérer un profil M2 chez les souris traitées par 

HDM et un profil M1 pro-inflammatoire dans les groupes exacerbés, connus pour exprimer des 

niveaux élevés de NOS2 et de NO. L'ensemble de ces informations renforce l'hypothèse de 

l'implication du TNF-α et de l'IFN-γ via l'axe STAT1-IRF1-NO dans la médiation de la 

PANoptose au cours de l'exacerbation neutrophilique de l'asthme allergique. 

Pour tester cette hypothèse, nous pourrions traiter des souris sensibilisées à la HDM 

avec une combinaison de TNF-α et d'IFN-γ par voie intratrachéale pendant les challenges HDM 

et réévaluer tous les paramètres d'exacerbation considérés dans le modèle original en termes de 

résistance pulmonaire, d'infiltration différentielles de cellules immunitaire, dsDNA libéré dans 

le BAL, infiltration de neutrophiles N1 et libération de NETs, lésions tissulaires et épithéliales, 

marqueurs de mort cellulaire et PANoptose afin de vérifier pleinement si nous pouvons 

récapituler l'exacerbation de l'asthme allergique induite par les agonistes STING, puis évaluer 

l'activation de l'axe STAT1-IRF1-NO. L'administration de TNF-α peut représenter un défi in 

vivo, pour y parvenir, nous pourrions également administrer des anticorps neutralisants pour 

vérifier s'ils bloquent l'effet de l'agoniste STING sur la PANoptose.  

En ce qui concerne notre modèle ARDS, les niveaux d'IFN-γ n'ont pas été évalués dans 

ces conditions, ce qui rend difficile de spéculer sur le mécanisme sous-jacent de la PANoptose. 
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Au vu de nos résultats, nous pourrions intuitivement penser que la prévention de 

l'apoptose ou de la nécrose des macrophages pulmonaires peut être bénéfique pour l'hôte. En 

effet, plusieurs rapports ont montré que la prévention de l'apoptose et de la nécroptose des 

macrophages alvéolaires au stade précoce de l'inflammation pouvait contribuer à diminuer la 

sévérité de l’ARDS (Dang et al.2022). En réalité, le contexte est plus complexe, le type de 

macrophages pulmonaires, qu'il s'agisse de PVM, RAM ou RecAM a son importance. Dans un 

modèle murin de lésion pulmonaire aiguë induite par la grippe A et le LPS, les macrophages 

recrutés (RecAM) s'accumulent dans le poumon pendant les premières phases de l'inflammation 

et diminuent progressivement par apoptose pendant la phase de résolution, comme l'indiquent 

les niveaux élevés du récepteur de mort Fas exprimé sur les RecAM par rapport aux AM 

résidents. En outre, l'inhibition de l'apoptose des RecAM dans ce contexte a retardé la résolution 

de l'ALI, soulignant le rôle protecteur de l'apoptose. Les macrophages alvéolaires résidents, 

quant à elles persistent et sont détectés au niveau des lésions pulmonaire (Janssen et al. 2011). 

Une meilleure caractérisation du rôle différentiel de chaque type de macrophage 

pulmonaire et de leur devenir au cours des pathologies pulmonaires pourrait nous aider à 

distinguer la mort cellulaire protectrice, connue sous le nom de mort cellulaire tolérogène 

(TCD), de la mort cellulaire immunogène (ICD), potentiellement délétère. Nous pouvons 

supposer que la mort cellulaire protectrice se produit lorsque les mécanismes de phagocytose 

sont efficaces. De ce fait, il conviendrait de veiller davantage à ce qu'ils ne soient pas surchargés 

dans les pathologies où les lésions tissulaires sont récurrentes.  

Dans les modèles cliniques pertinents d’ARDS et d'exacerbation de l'asthme utilisant 

des virus et des bactéries affectant le système respiratoire, les antigènes microbiens (PAMPs) 

représentent un facteur important, que nos modèles ne prennent pas en compte en raison de la 

nature pharmacologique de notre signal déclencheur. La mort cellulaire immunologique (ICD) 

est charactérisée une trinité comprenant l'inflammation, l'antigénicité (par exemple les PAMPs 

ou les néo-antigènes tumoraux) et l'adjuvanticité (par exemple l’ADN du soi) pour activer 

efficacement l'immunité adaptative et établir une mémoire. Même en l'absence de PAMPs, le 

concept de ICD n'est pas totalement à exclure de nos modèles, surtout si l'on considère que nous 

avons récapitulé les principales caractéristiques de l’ARDS et de l'exacerbation de l'asthme 

neutrophilique. L’ICD n'est pas associée à une modalité de RCD spécifique (apoptose, nécrose) 

et ne décrit pas l'une des nombreuses façons dont une cellule peut mourir, mais elle influencerait 

plutôt la résultante de la communication entre l'immunité innée en réponse aux DAMPs libérés 

ou exposés par un ou plusieurs RCD pour amplifier l'inflammation.   
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Selon les lignes directrices de la NCDD, seuls six DAMP permettent à un RCD 

spécifique d'être qualifié d’immunogénique : la calréticuline (CALR), l'ATP, l'HMGB1, l'IFN 

de type I, les acides nucléiques dérivés de cellules cancéreuses et l'annexine A1 (ANXA1) 

(Galluzi et al. 2018). Compte tenu de l'activation proéminente de STING et de la production 

subséquente d'IFN de type I, nous pourrions éventuellement considérer la notion de mort 

cellulaire immunogénique (ICD) dans nos modèles.   

La désaturation des poumons en oxygène et les difficultés respiratoires constituent l'un 

des symptômes les plus préoccupants des pathologies inflammatoires des voies respiratoires. 

En cas d'hypersécrétion de mucus, comme lors des crises d'asthme allergique, l'ADNdb libre 

provenant des NETs présents dans l'espace broncho-alvéolaire peut provoquer une 

augmentation de la viscosité du mucus, qui entraîne à son tour un accroissement 

de l’hyperréactivité bronchique (Linssen et al. 2021). Compte tenu de la forte augmentation de 

l'ADNdb provenant des NETs et d'autres RCD dans notre modèle d'exacerbation de l'asthme, 

nous pouvons suggérer qu'en plus de son rôle dans l'inflammation, l'ADN contribue peut-être à 

exacerber l’hyperréactivité bronchique que nous avons observé après le traitement par agonistes 

STING.  

L'inflammation elle-même, par l'intermédiaire des cellules inflammatoires, peut 

participer à l'exacerbation de l’hyperréactivité bronchique. En effet, dans une étude, la 

suppression de HIF-1α dans les cellules myéloïdes à l'aide de souris à cellules spécifiques, ou 

l'inhibition systémique de HIF-1α avec YC-1, a atténué l’hyperréactivité bronchique et 

l'hyperplasie des cellules caliciformes dans un modèle murin d'asthme induit par l'OVA (Crotty 

et al. 2013). 

Cet aspect n'a pas encore été exploré en profondeur dans nos modèles expérimentaux. 

Cependant, nous avons observé une régulation à la hausse de HIF-1α après un traitement au 

diABZI chez des souris sensibilisées à l'HDM, ainsi qu'une exacerbation de 

l’hyperréactivité bronchique. L'HIF-1α a d'abord été associé à l'hypoxie. Néanmoins, il est 

désormais prouvé que HIF-1α peut également être activé dans un environnement normoxique, 

ainsi que lors de réponses inflammatoires induites par des signaux tels que LPS, TNF-α et GM-

CSF (Byrne et al. 2013). De plus amples études sont nécessaires afin de comprendre le lien 

possible entre HIF-1α et l'exacerbation de l’hyperréactivité bronchique dans nos modèles de 

maladies inflammatoires des voies respiratoires.  
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Pour ouvrir de nouvelles perspectives, il serait crucial d'explorer davantage certains 

aspects clés. Tout d'abord, il serait intéressant de valider la résistance aux corticostéroïdes dans 

notre modèle murin d'exacerbation de l'asthme neutrophile dépendant de STING. 

Dans la littérature, les patients asthmatiques sont souvent considérés comme étant 

homogènes et exposés de la même manière aux risques d'exacerbation et de développement de 

formes sévères. Néanmoins, deux populations asthmatiques méritent une attention particulière 

: les personnes âgées ou vieillissantes et les patients obèses. En effet, la perte de l'intégrité de 

l'enveloppe nucléaire observé au cours du processus physiologique de vieillissement normal à 

travers, entre autres facteurs, l’épissage aberrant de la Lamin A conduisant à des dommages 

d'ADN (Scaffidi & Misteli. 2006) et à des échanges moléculaires indésirables entre le noyau et 

le cytoplasme (Robijns et al. 2018). Cela suggère une inflammation chronique liée à STING, 

exposant davantage les patients asthmatiques âgés à une exacerbation de type neutrophilique. 

D'autre part, une récente étude a révélé un nouveau rôle non canonique de STING dans 

la régulation de l'homéostasie métabolique. En absence de signal inflammatoire, STING 

interagit avec la désaturase d'acides gras 2 (FADS2) et inhibe son activité qui consiste a générer 

des acides gras polyinsaturés (PUFAs) et acides gras polyinsaturés à longue chaines (LC-

PUFAs) à partir des acides gras essentiels.   

A l'inverse, lors d'une inflammation chronique, l'activation de STING suivie de sa 

dégradation augmente l'activité de FADS2 et conduit à une accumulation des dérivés oméga-6 

accompagnée d'une augmentation du ratio oméga-6/oméga-3 qui alimente davantage 

l'inflammation (Vila et al. 2022). Ainsi, dans un contexte d'inflammation chronique associée à 

l'obésité, le développement d'une exacerbation neutrophilique de l'asthme dépendante de 

STING chez les patients obèses asthmatiques risque d’engendrer davantage de problème 

métabolique  

Les stratégies thérapeutiques se basant sur des antagonistes de STING peuvent être 

confrontées à des limitations prévisibles. L'inhibition de la voie de détection de l'ADN pendant 

de longues périodes peut exposer l'hôte à une « paralysie immunitaire » et à une tolérance 

accrue à l'égard des pathogènes opportunistes et du développement de tumeurs. Pour un 

traitement à long terme, les stratégies ciblant l'ADN pour atténuer l'inflammation pourraient 

être plus sûre pour l'hôte.  

De même, les stratégies basées sur les agonistes de STING, en particulier en oncologie, 

qui ont déjà montré leurs limites pour certains, devraient examiner d'autres voies directement 
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connectées à la voie STING. En effet, comme évoqué dans le chapitre d'introduction, l'axe 

SEL1L-HRD1 ERAD contrôle le pool de STING activable (Ji Y et al. 2023). Par conséquent, 

l'évaluation de l'activation de cet axe dans les biopsies de patients avant les études cliniques 

peut aider à prédire l'efficacité du traitement, car les tumeurs peuvent réguler STING à la baisse. 

De plus, en l'absence de STING dans les cellules tumorales, les agonistes de STING risquent 

d'être captés par les cellules T présentes dans le microenvironnement tumoral et connues pour 

exprimer fortement STING, ce qui entraînerait leur déclin par apoptose. Ceci est en totale 

contradiction avec l'objectif de transformer les "cold tumors" en "hot tumors". 

En outre, les agonistes de STING modulent le métabolisme des lipides qui pourrait 

interférer avec l'activation de STING. Il a été démontré que les agonistes de STING y compris 

le cGAMP « fittent » dans la structure cristalline de FADS2 et augmente son activité des 

desaturation des omega-3 et omega-6, ce qui entraîne une accumulation de PUFAs. A l’inverse, 

il a été démontré que ces PUFAs peuvent à leur tour inhiber STING (Vila et al. 2022).   
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Conclusion 

Ce travail de thèse nous a permis d’évaluer la contribution de la voie cGAS-STING dans 

le développement de formes sévères de maladies inflammatoires des voies respiratoires, 

souvent associées à des lésions pulmonaires. Récemment, Singh et al. ont qualifié le rôle de 

l’ADN dans la régulation des réponses immunitaires innées de "travail dissimulé" (Singh et al. 

2023). En effet, lorsque l'ADN double brin du soi est massivement libéré par les tissus 

endommagés suite à une hyperactivation de STING, il déclenche une seconde vague 

d’inflammation et altère la fonction pulmonaire, conduisant parfois à des formes sévères et 

incontrôlées d’asthme avec modification du type de réponse immunitaire, la rendant ainsi 

réfractaire aux traitements conventionnels dans certains cas.  

D’autre part, ce travail nous a permis d’évaluer les effets secondaires potentiellement 

délétères des traitements basés sur l’utilisation des agonistes de STING, médiés par le stress 

cellulaire/la mort cellulaire et la libération d’ADN double brin du soi, ainsi que la manière dont 

les stratégies ciblant l’ADN double brin  du soi libre atténuent l’inflammation pulmonaire sans 

compromettre les éléments de défense de l’hôte. Dans l’ensemble, ces études révèlent une 

possible similarité en terme de réponses physiopathologique entre le SDRA et les épisodes 

d’exacerbation de l’asthme.  
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Poison is in everything, and no thing is without poison. The dosage makes 

it either a poison or a remedy. 

Theophrastus von Hohenheim (1493/1494 – 24 September 1541). 
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Contribution de la voie de détection de l'ADN STING dans l'exacerbation 

de l'asthme allergique neutrophilique   
Résumé :  

Ces dernières années, dans le contexte de la précédente pandémie, des millions de personnes à travers le 
monde ont éprouvé une détresse respiratoire, dont les conséquences ont parfois été fatales. Cela a été 
particulièrement préoccupant pour les populations vulnérables telles que les personnes asthmatiques, 
illustrant l’importance de maintenir la santé des poumons et suscitant d'importants défis pour rétablir 
l'homéostasie. D'autre part, la combinaison du réchauffement climatique et des risques pandémiques accrus 
menacent de manière alarmante l’intégrité de notre sphère respiratoire. Il est donc urgent de comprendre les 
mécanismes responsables de l'exacerbation des pathologies respiratoires, de développer de nouvelles 
approches thérapeutiques et de tester l’innocuité de ces stratégies. Dans ce travail de thèse, notre objectif 
était de caractériser (1) la contribution potentielle de l’ADN du soi et de l'activation de la voie STING dans les 
formes graves du syndrome de détresse respiratoire aiguë (SDRA), telles que survenant lors d'une infection 
virale respiratoire incontrôlée ou d'une exacerbation d’asthme induite par des infections virales ou l’exposition 
à la pollution, et (2) l’impact de l’activation de STING sur la modulation de la réponse immune de type 2 lors 
d’asthme allergique. Nous avons démontré que les agonistes de STING peuvent entraîner des lésions 
pulmonaires majeures via la libération d'ADN du soi, engendrant une inflammation incontrôlée. D'autre part, 
nous avons montré qu'une activation accrue de STING durant la réponse allergique entraîne un changement 
de l'endotype Th2 vers un endotype mixte Th1/Th2 de type sévère neutrophilique, soulignant ainsi l'importance 
de contrôler l'activation de STING dans les pathologies respiratoires afin de prévenir le développement de 
formes sévères.  

Mots clés : SDRA, exacerbation de l’asthme, STING, agonistes de STING, ADN du soi, NETs, PANoptose.  

 
Contribution of the DNA sensing pathway STING in neutrophilic allergic 

asthma exacerbation 
 

Summary:  

Recently, in the context of the preceding pandemic, millions of people worldwide have experienced respiratory 
distress, sometimes with fatal consequences. This has raised significant concerns, especially for vulnerable 
populations such as patients with asthma. These circumstances highlighted the crucial need to maintain the 
lungs healthy, and presented scientists with considerable challenges to restore homeostasis. Meanwhile, 
global warming combined with increased pandemic risks and environmental pollution continue to threaten our 
breathing environment. This highlights the need to understand the mechanisms responsible for exacerbating 
respiratory pathologies, to develop new therapeutic approaches to test the safety of these strategies. In this 
thesis work, we aimed at characterizing (1) the potential contribution of self-dsDNA and STING activation to 
severe forms of acute respiratory distress syndrome (ARDS), such as those occurring during uncontrolled 
respiratory viral infection, or pollution / viral-induced exacerbation of allergic asthma, and (2) the impact of 
STING activation on immune modulation of the allergic type 2 immune response during allergic asthma. We 
show that STING agonists can result in significant lung damage through the release of self-DNA, leading to 
uncontrolled inflammation. Further, we show that important STING activation during type 2 allergic response 
may shift the asthma endotype from Th2 asthma toward a mixed severe neutrophilic Th1/Th2 asthma, 
emphasizing the importance of controlling STING activation in airway inflammatory disease to prevent the 
development of severe forms.     

Keywords: ARDS, asthma exacerbation, STING, STING agonists, self-dsDNA, NETs, PANoptosis. 
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