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Preface  

 

Chronic rhinosinusitis (CRS) is a complex and heterogeneous inflammatory disease 

affecting the sinonasal mucosa, with a substantial burden on patients' quality of life 

and healthcare systems. 

Understanding the immunopathological mechanisms underlying CRS is challenging 

due to the diversity of clinical presentations and immune endotypes, notably type 2 

(T2) eosinophilic and non-type 2 (non-T2) neutrophilic forms. 

Secretory immunoglobulin A (s-IgA), a key player in mucosal immunity, has 

emerged as a potentially critical regulator of host-microbiota interactions and 

chronic inflammation. Yet, its role in CRS remains insufficiently characterized. 

This chapter provides a comprehensive overview of the clinical, immunological and 

microbiological aspects of CRS, establishing the scientific rationale and objectives 

that guided the experimental work presented throughout this dissertation. 
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1. Chronic rhinosinusitis 

1.1.  Definitions 

The respiratory epithelium in the nose and sinuses serves as the body's first line of 

defense in the airways, continuously exposed to a variety of inhaled particles and 

agents with each breath 1. The nasal mucosal lining, along with its immune system, 

must efficiently manage these challenges to prevent damage. Maintaining a proper 

epithelial barrier function is, therefore, crucial for upper airway health. When this 

mucosal barrier fails to sustain a balanced and tolerant immune response to 

environmental or microbiota-derived antigens, inflammation can arise 2. 

Chronic inflammatory diseases of the upper airways are among the most prevalent 

long-term conditions, affecting approximately 25% of the population in Western 

countries 3,4. Rhinitis is the most common upper airway disease, characterized by 

inflammation of the nasal mucosa, leading to symptoms such as nasal congestion, 

runny nose, sneezing, and itching 5. When this inflammation extends to the mucosa 

of the paranasal sinuses, it results in rhinosinusitis, a condition that affects around 

11% of the European population 6, although the estimated prevalence varies from 

country to country.  

Rhinosinusitis is normally identified by the presence of at least two of the following 

symptoms: facial pain or pressure, nasal congestion, nasal cavity obstruction, 

rhinorrhea and (partial) loss of smell or anosmia. Additionally, objective evidence 

of mucosal changes in the paranasal sinuses or signs of sinonasal inflammation must 

be confirmed through computed tomography or rhinoscopic examination 7. When 

symptoms last for more than 12 weeks, we talk about chronic rhinosinusitis (CRS). 

CRS significantly impacts patients' quality of life 8 and contributes to high healthcare 

costs and reduced work productivity 9. 
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1.2. Pathophysiology of CRS 

Published guidelines describe chronic rhinosinusitis (CRS) as a complex 

multifactorial, inflammatory and heterogeneous condition affecting the lining of the 

nasal and paranasal mucosa. It can present with or without nasal polyps (CRSwNP 

or CRSsNP, respectively) which determines the phenotypical division of the disease. 

Globally, CRSsNP remains the most prevalent phenotype worldwide, comprising 

70–85% of all cases, although CRSwNP is relatively more frequent in Western 

cohorts 7,10,11. 

However, as biotherapeutic treatments evolve, the most clinically relevant 

distinction for CRS is based on the inflammatory endotype, which can be broadly 

categorized into eosinophilic and non-eosinophilic forms 7,12. Half of the patients 

with CRSsNP present with an eosinophilic endotype 13, while in the Western World, 

around 50-60% of patients with CRSwNP show an eosinophilic inflammation 7,10,14. 

Eosinophilic inflammation involves T helper (Th) 2 cells and T2 innate lymphoid 

cells (ILC2), leading to the production of Interleukin (IL)-4, IL-5, and IL-13, which 

drive eosinophil accumulation and increased mucus production. In contrast, non-

eosinophilic CRS, characterized primarily by neutrophilic or pauci-inflammatory 

infiltrates, are more commonly observed in CRSsNP where it is the predominant 

endotype in the other half of patients, although they also appear in a subset of 

CRSwNP cases 7,10,14.  This type of inflammation involves a mix of Th1, Th17, and 

Th22 cells, without IgE involvement 3 and is characterized by the production of IL-

6, IL-8, tumor necrosis factor alpha (TNF-α), and interferon gamma (IFN-γ), leading 

to a neutrophilic infiltration 10. 

The picture shifts considerably in East Asian populations, where the prevalence of 

eosinophilic inflammation is markedly lower, ranging between 30–40%, and 

neutrophilic inflammation dominates the immunopathological landscape, even 

among CRSwNP patients 7,11. These regional differences underscore the influence of 
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genetic, environmental and possibly microbiome-related factors in shaping CRS 

pathogenesis.  

An overview of the estimated prevalence by phenotype and endotype across regions 

is summarized in Table 1. The above mentioned epidemiological and immunological 

variability presents a major challenge for the development of targeted treatments and 

precision medicine strategies in CRS. 

 

Table 1. Estimated distribution of CRS endotypes and phenotypes across 

Western and Eastern populations. 

 
By inflammatory endotype 

Eosinophilic CRS Non-eosinophilic CRS 

Western 

countries 

50–60% 

(mixed CRSsNP + 

CRSwNP) 

40–50%  

(mainly CRSsNP) 

Eastern 

countried 

30–40% 

(mainly CRSsNP) 

60–80% 

(mainly CRSwNP) 

 
By phenotype 

CRSwNP (%) CRSsNP (%) 

Western 

countries 
20–30% 70–80% 

Eastern 

countried 
10–20% 80–90% 

 

Many patients with severe eosinophilic inflammation are colonized with 

Staphylococcus aureus and exhibit a polyclonal IgE response to its enterotoxins 10 

and this reaction has been shown to correlate with severity of the disease 15–17. 

Particularly, the interplay between epithelial barrier dysfunction and Staphyloccal 

presence has been suggested as a potential disease driver in eosinophilic CRS 

(eCRS) 18 . Despite these advancements in mechanistic studies, many aspects of the 

disease pathophysiology remain unclear. 
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On the other hand, non-eosinophilic CRS comprises a very heterogeneous patient 

population and therefore proper mechanistic studies are very scarce. The disease 

drivers for non-eosinophilic CRS are believed to be multifactorial such as irritant 

exposure, smoking and bacterial or viral infections. Also, it has been suggested that 

CRS results from dysfunctional interaction at the interface between the host (internal 

factors) and the environment (external factors) in the sinonasal mucosa, leading to 

sinonasal mucosal inflammation 7,13,19–21 but more studies will need to confirm this 

hypothesis. 

The development and clinical expression of CRS are not only influenced by region 

but also gender and age. Epidemiological data consistently show that women are 

more likely to report CRS symptoms than men, with some population-based surveys 

indicating a nearly 1.5-fold higher prevalence in females 22. Interestingly, while 

women tend to experience more severe symptom burden, particularly in terms of 

facial pain, pressure, and reduced quality of life, men more often report nasal 

obstruction as a predominant complaint 23. Beyond physical symptoms, gender 

differences also extend to psychological outcomes as well. Female patients with CRS 

exhibit significantly higher rates of depression and anxiety than their male 

counterparts, suggesting a complex biopsychosocial interplay in disease perception 

and coping mechanisms 24. Age is another key determinant in CRS development, 

becoming more prevalent with advancing age, peaking in individuals between 50 

and 59 years old 22. Interestingly, younger patients report a higher psychological 

burden, possibly due to the disruptive impact of chronic symptoms on social and 

professional functioning 25. Taken together, these findings underscore the 

multifactorial nature of CRS and highlight the importance of considering 

demographic context when interpreting symptoms, planning interventions, or 

evaluating disease burden. 

In patients with CRS, it is described in literature that a dysfunctional epithelial 

barrier, a critical defense mechanism against microbial invaders and environmental 
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irritants, exists 26. This barrier consists of tightly connected cells supported by 

structures like tight junctions (TJ) and adherent junctions. Together with the 

mucociliary clearance system, they act as the first line of defense, trapping and 

expelling harmful particles 26. One major factor compromising this system in CRS 

is the impairment of mucociliary clearance, driven by the destructive activities of 

some bacteria, notably Pseudomonas aeruginosa and Staphylococcus aureus, which 

release toxins that damage cilia. P. aeruginosa, with its robust biofilm-forming 

ability, not only resists antibiotics, but also secretes proteases that degrade TJ 

proteins, severely weakening the mucosal barrier 15,27. Meanwhile, S. aureus 

produces enterotoxins that induce oxidative stress and disrupt epithelial integrity 

15,27. This degradation increases the permeability of the epithelium, allowing 

allergens, irritants, and pathogens to penetrate deeper tissues. Additionally, the 

interaction of S. aureus enterotoxins with TLR2 receptors triggers an inflammatory 

cascade, releasing cytokines like IL-6 and IL-8. These inflammatory molecules 

further weaken the barrier and perpetuate tissue damage 16,18,28. 

As the epithelial layer weakens, its role may shift from a protective barrier to an 

active participant in inflammation. Damaged epithelial cells release bioactive 

substances to recruit immune cells, fueling the inflammatory response and, over 

time, this chronic inflammation drives tissue remodeling, a hallmark of CRS. The 

nasal tissues thicken, fibrosis develops, and in some cases, NP can form. This 

remodeling is exacerbated by oxidative stress and endoplasmic reticulum stress 

induced by bacterial toxins, creating a loop of damage and repair 26,29. Therefore, in 

the context of CRS, the failure of the epithelial barrier might not be merely a 

consequence but a driving force in disease progression.  
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1.3. Microbial dysbiosis in CRS 

The human microbiota consists of a community of microorganisms, primarily 

diverse bacterial species, along with archaea (primitive single-celled organisms), 

eukaryotes, and viruses that inhabit the mucosal surfaces of the gut, skin, respiratory 

tract, and genital tract 30. The nose and paranasal sinuses are home to a diverse 

microbiome, consisting of both commensal and pathogenic bacteria 31–33. 

The interaction between host and microbial communities is essential for developing 

and maintaining several key functions, including immune system regulation and 

pathogen defense 34–36. However, factors like genetic susceptibility, environmental 

influences, infections, and changes in antibiotic use, diet, or lifestyle can disrupt this 

host–microbiota symbiosis. Such disturbances, leading to dysbiosis, are linked to the 

pathogenesis of various inflammatory and autoimmune diseases, including CRS 37–

39. 

Recent studies also suggest that the immunopathogenesis of CRS may partially result 

from disruptions in the host microbiota, including reduced bacterial diversity, an 

increase in inflammatory-inducing pathogenic bacteria (e.g., Staphylococcus aureus 

or Pseudomonas aeruginosa), and a loss of beneficial bacteria with potential 

immune-protective roles (such as Lactobacillus, Dolosigranulum, and Citrobacter 

species) 40–42.  

In a healthy state, the bacterial strains commonly identified in the upper airways are 

Firmicutes (which are mainly Staphylococci), Actinobacteria (mainly 

Corynebacterium, Bifidobacterium and Propionibacterium species) and 

Proteobacteria (mainly Moraxella, Pseudomonas, Enterobacter and 

Aggregatibacter) 38,40. The total bacterial load present in healthy and diseased sinuses 

appears to be very similar between individuals, with a large inter-individual variation 

in the microbiome. In some patients, the nasopharynx has shown a more divergent 

bacterial profile, being enriched in Haemophilus, Streptococcus and Prevotella 41. 
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De Boeck et al. have shown that the bacterial diversity was reduced in patients with 

CRSsNP compared with healthy patients, however, this was not the case for patients 

with CRSwNP 42. They have also proven that Dolosigranulum pigrum was clearly 

associated with healthy subjects, while Corynebacterium tuberculostearicum, 

Haemophilus influenzae/H. aegyptius, and Staphylococcus taxa were found to be 

potential pathobionts in patientis with CRS 42.  

Many opportunistic pathogens are present in low amounts in healthy sinuses and 

therefore have a low potential to induce a disease after acute alteration of the stable 

basal microbial community 43. Furthermore, an increased amount and variety of 

members from the phylum Actinobacteria and genus Propionibacterium distinct 

healthy sinuses from chronically inflamed sinuses. The absence of Burkholderia and 

Propionibacterium phylotypes from healthy patients is associated with an increased 

network decentralization, which can lead us to conclude that these two strains may 

act as protectors by their occupancy playing a powerful role in providing a stable 

sinonasal bacterial community 38,44. 

The disruption of the stable microbiota characterized by a loss of beneficial 

commensal bacteria that act as gatekeepers against the overgrowth of opportunistic 

pathogenic bacteria may contribute to the exacerbation of chronic inflammatory 

disease in the absence of acute infection 38–45. CRS has been associated with shifts in 

the resident microbiota from a healthy to a diseased state. This disruption, called 

dysbiosis, can lead to microbial communities becoming pro-inflammatory or 

invasive and/or allowing pathogens to overgrow.  

The study of dysbiosis in human CRS is especially challenging but relevant since 

antibiotic therapies are frequently used in CRS treatment and are likely to affect 

resident bacterial communities 38,42,43. Analysis of the normal state of the microbiome 

in the sinus cavities is crucial, as commensals play an obvious role in the exclusion 

of pathogens and in modulating the healthy immune response between the host and 



 42 

the microbes 43. The deep nasal cavities and the sinuses present unique local 

microenvironments and immune properties of the host. Studies comparing the 

microbiota in healthy subjects versus those with CRS have been carried out by 

researchers and it appears that C. tuberculostearicum, C. accolens and S. aureus 

seem to be significantly enriched in the sinuses or the middle meatus (the nasal 

passage nasal cavity, located between the turbinate of the middle meatus and the 

lateral nasal wall) of patients with CRS 46. The increased relative abundance and 

diversity of other members belonging to a loss of bacterial diversity in the 

microbiome of patients with CRSsNP compared to controls can be noted, however 

this is not the case in CRSwNP. This suggests a probable role of the microbiome in 

disease development or advancement mainly in CRSsNP 38,42. Other data suggest 

that colonizing bacteria can contribute to the pathogenesis of CRS by the formation 

of biofilms. The latter are composed of multiple layers of living bacteria surrounded 

by a matrix of protein and nucleic acid. These biofilms on mucosal surfaces may 

grant the infectious pathogens the ability to develop antimicrobial resistance and 

consequently avoid the host defenses 45–50. 
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1.4.  Management of CRS 

Managing CRS involves addressing symptoms, underlying inflammation and 

microbial imbalance through different therapeutic strategies. Currently, patients with 

CRS are often treated with corticosteroids, antibiotics, or more recently, biological 

therapies 7.  

A cornerstone of CRS treatment is the use of corticosteroids. Intranasal 

corticosteroids, such as budesonide and mometasone, are widely used for symptom 

relief. These therapies reduce inflammation and progressively enhance microbial 

diversity in the sinonasal cavity, although long-term effects remain uncertain. In 

severe cases, oral corticosteroids are utilized for their potent anti-inflammatory 

properties, though their impact on the microbiome is inconsistent and typically 

limited to short-term use uncertain 7,38,51. 

 

Antibiotics also play a significant role in managing CRS, although with mixed 

outcomes. Systemic antibiotics, normally delivered orally or intravenously, reach the 

sinonasal mucosa through systemic circulation. Penicillins (eg. Amoxicillin-

clavulanate) act inhibiting bacteria cell wall synthesis, especially for gram-positive 

bacteria but also for some gram-negative ones. On the other hand, macrolides (eg. 

Azithromycin, clarithromycin) function blocking bacterial protein synthesis and 

have anti-inflammatory effects. Fluoroquinolones (eg. Levofloxacin, mixofloxacin), 

which can inhibit bacterial DNA replication, are especially effective against gram-

negative bacteria. Last, tetracyclines (eg. Doxycycline) are bacteriostactic and 

inhibit bacterial protein synthesis with additional anti-inflammatory benefits 7,38. 

Systemic antibiotics show moderate effectiveness for CRS, with better effects for 

acute cases, and display a broad-espectrum activity against multiple pathogens. 

However, their main limitations are antibiotic resistance with overuse, side effects 

especially in the gastrointestinal tract and limited efficacy in penetrating biofilms, 

which are commonly found in CRS 52. They are commonly prescribed, but some 
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studies suggest they offer minimal symptom improvement while potentially 

reducing microbial diversity 7,52.  

Topical antibiotics are applied directly to the sinonasal mucosa, delivered via high-

volume irrigations, nasal sprays or nebulizers. Some commonly used are mupirocin, 

which is effective against S. aureus infections; tobramycin, against P. aeruginosa; 

gentamicin with a broad-spectrum activity and especially used for gram-negative 

infections; and neomycin-polymyxin B which combines broad-spectrum coverage 

for gram-positive and -negative bacteria. Their main advantages are minimal 

systemic absorption and therefore, less risk of side effects; direct delivery to the site 

of infection, ensuring high local concentrations of antibiotic which improves 

efficacy against biofilm-forming bacteria; and less risk of systemic antibiotic 

resistance. However, topical antibiotics show limited penetration into unoperated 

sinuses, risk of local resistance with prolonged use and they require proper delivery 

methods 7,38,52. In general, topical antibiotics have shown greater effectiveness in 

targeting localized infections like Staphylococcus aureus biofilms 38. These targeted 

therapies could address specific pathogens without significantly altering the broader 

microbiome, though their effects remain unpredictable. 

For patients with persistent symptoms despite medical therapy, endoscopic sinus 

surgery (ESS) is often the next step. ESS aims to restore normal sinus function and 

alleviate obstruction, leading to improved symptoms 7. Interestingly, surgery can 

increase microbial richness, but it may also destabilize the delicate balance of the 

sinonasal microbiome. Outcomes tend to be better in patients with higher pre-

surgical levels of protective bacteria, such as Corynebacterium, which inhibits the 

growth of pathogenic strains like Staphylococcus aureus 38,53. 

 

Emerging biotherapies also offer exciting new options for CRS management. 

Probiotics, including Lactobacillus sakei and Corynebacterium accolens, have 

shown promise in restoring microbial balance and reducing inflammation 54–57. These 
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therapies can suppress harmful bacteria and promote a healthier sinonasal 

environment. Similarly, bacteriophages (viruses that specifically target bacteria) are 

being explored as a novel way to disrupt biofilms and reduce infections caused by 

resistant strains like Staphylococcus aureus 58. Bacteriophage therapy has 

demonstrated efficacy in preclinical studies, reducing biofilm formation and 

eliminating bacterial pathogens in animal models of sinusitis. Currently, the field is 

progressing toward clinical applications, with early phase clinical trials evaluating 

the safety and efficacy of phage therapy for various infections, including those 

relevant to CRS 58–62. These trials aim to address critical questions regarding optimal 

delivery methods, dosing regimens, and the development of personalized phage 

cocktails adapted to individual microbial profiles. Despite these advances, 

significant challenges remain, such as regulatory approval processes and ensuring 

phage stability in clinical formulations. Nevertheless, bacteriophage therapy holds 

substantial potential as a targeted, adjunctive treatment for CRS, particularly in cases 

involving multidrug-resistant bacteria 38. 

Despite these treatments, a significant portion of patients remains inadequately 

controlled 63. Greater understanding of the underlying disease mechanisms is needed 

to develop new therapeutic options with fewer side effects and to refine these 

therapies to confirm their clinical applicability. 
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2. Mouse models to study CRS pathophysiology 

Studying the pathophysiology of human disease is often limited due to the 

heterogeneity of patient population. Therefore, animal models are used to study and 

to understand health problems that affect both humans and animals. Animal models 

of inflammatory respiratory disease have contributed to our knowledge about the 

pathogenesis and pathophysiologic process of these diseases in humans. However, 

the search for an adequate CRS animal model that mimics the human situation has 

been shown to be more difficult than e.g. rhinitis or asthma. 

The development of a model of CRS is only possible in mammals due to their 

relatively comparable anatomy and physiology to humans. Different sorts of animals 

have been tested for this purpose and initially, rabbits were mostly used due to their 

anatomical sinus resemblance to humans and the possibility to perform relatively 

easy surgical interventions 64–68. 

In recent years, murine models have emerged as a potential alternative. Although 

many differences exist between humans and mice, they have been proven to be a 

powerful tool to study immunological pathways in respiratory diseases and the 

organization and immunological responses of the upper airway are comparable to 

humans (Figure 1) 69,70. The wide availability of murine-directed antibodies as well 

as transgenic strains makes mice a very attractive animal model to study 

pathophysiological pathways of CRS. 
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Figure 1. The similarity of the human and mouse paranasal mucosal cavities. 

Representation of the paranasal cavities in humans (left) and in mice (right). 

 

Researchers have focused their attention on the development of murine models that 

reflect what is described in human CRS. Regarding the T2 inflammatory profile, a 

mouse model that shows eosinophilic infiltration, goblet cells hyperplasia, epithelial 

thickness and nasal polyp (NP)-like lesions is becoming more and more used and 

accepted within upper airway research groups. It is based on an intra-peritoneal 

sensitization of the mouse with the experimental allergen ovalbumin (OVA), 

followed by nasal challenges with OVA to induce an allergic inflammation. At a 

later stage, nasal instillations with Staphylococcus aureus Enterotoxin B (SEB) are 

introduced to induce NP-like formations 71. However, the major drawback of this 

model was the lack of development of macroscopic NPs, as seen in humans 72. 

Despite that, this mouse model has been widely accepted and used in a growing 

number of publications investigating the mechanisms of human eCRSwNP 73. 

Compared to T2 CRS inflammation, there is a huge science gap concerning the non-

T2 CRS disease pathways. This is probably because this endotype comprises a very 

heterogenous patient group which hinders mechanistic research within this field. To 

unravel the non-T2 mechanisms playing in CRSsNP, it would be an enormous added 
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value to have a reliable mouse model mimicking this type of sinus inflammation at 

hand. 

So far, no validated mouse model mimicking the non-T2 CRS exists, and only 2 

models have been described in literature. One is based on long-term nasal 

instillations of lipopolysaccharide (LPS) 74, and the second one is based on a model 

of bacterial CRS (BCRS) 75. The LPS model, which was not reproducible in our 

hands, describes a neutrophilic inflammation of the sinuses with the formation of 

polyp-like lesions. The BCRS model is based on the introduction of a bacterium into 

the nasal cavity in combination with an obstruction of the sinonasal outflow tract. 

This is accomplished by surgically introducing a nasal tampon inoculated with 

bacteria, Bacteroides fragilis, in one of the nasal fossae. This model was first 

described by Jacob et al. and they evaluated the characteristic histologic changes in 

BCRS 75. 

Wang et al. repeated this experiment, comparing it with T2 CRS mouse models. 

However, they used a different bacterium, Streptococcus pneumoniae, and sacrificed 

mice at different time points that seemed more relevant for modelling CRS. He 

performed immunological analysis and measured specific cytokines belonging to the 

non-T2 inflammatory endotype. Interestingly, he found that 2 weeks after surgery, 

the causal bacteria could still be cultured from the nasal lavage (NL), however at 4 

weeks after surgery, no increased presence of the microbe could be detected, 

indicating that the persisting rhinosinusitis was no longer caused by an acute 

bacterial infection, but rather due to a persistent post-infectious inflammation 76. This 

finding makes this mouse model very attractive, since it corresponds with what is 

frequently detected in human CRS. Later, another research group reported on the use 

of this model to prove that bacterial-induced CRS causes tissue inflammation by 

altering multiple genes relevant to cytokine-cytokine receptor interaction, 

chemokine signaling, cell adhesion molecules, and the complement and coagulation 

cascade pathway 77. 
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Apart from these publications to our knowledge, no other studies using this model 

have been published. Although it looked quite promising, the publications lacked 

essential information on the technique and results were little substantiated by figures 

or pictures, making it difficult to reproduce. Thus, the field of respiratory research 

still lacks a validated model to study non-eosinophilic or neutrophilic CRS (nCRS) 

pathogenesis. 
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3. The role of IgA in respiratory mucosal 

immunity 

3.1.  General IgA biology 

Immunoglobulin A (IgA), first described in 1953, is the most abundant 

immunoglobulin produced in external body fluids 78. Composed of two heavy and 

two light chains, human IgA exists in two isotype forms, IgA1 and IgA2. Serum IgA, 

primarily made of monomeric IgA1 (80%), is produced in the bone marrow, while 

secretory IgA (s-IgA) has a higher proportion of IgA2, which is relatively more 

resistant to enzymatic degradation 79. 

In humans, serum IgA predominantly exists as a monomer and can bind to various 

receptors expressed by granulocytes, monocytes, macrophages, dendritic cells 

(DCs), and eosinophils. These receptors include the myeloid-specific type I Fc 

receptor for IgA (FcαRI or CD89), the Fcα/Fcµ receptor, the asialoglycoprotein 

receptor, and the transferrin receptor 80. The effector functions of these receptors are 

not yet fully understood, encompassing both pro-inflammatory and anti-

inflammatory pathways. Anti-inflammatory signals are generated when monomeric 

IgA binds to FcαRI, while IgA immune complexes trigger pro-inflammatory 

responses through FcαRI 81. 

Although IgA is present in the serum, its primary functions are at the mucosal level, 

where it exists as s-IgA, produced almost exclusively by local plasma cells. The 

luminal epithelium, continuously exposed to external antigens, allows these antigens 

to be taken up by subepithelial antigen-presenting cells (APCs). These APCs process 

the antigens and initiate mucosal immune responses within mucosa-associated 

lymphoid tissue (MALT), a structure in which local immune responses are 

generated. In the upper respiratory tract, MALT is concentrated in the nasopharynx, 
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across the nasal epithelium, and in structures like the tonsils and adenoids, 

collectively referred to as nasal-associated lymphoid tissue (NALT) 82. 

Within MALT, naïve B-cells are activated by T-cells that respond to APC-processed 

antigens. This interaction triggers B-cells in the follicles to undergo somatic 

hypermutation, leading to the development of memory cells and antigen-specific 

antibodies, including IgA. The production of IgA is primarily driven by transforming 

growth factor-β1 (TGFβ1), which activates promoters for IgA class switching, 

making TGFβ1 crucial for T-cell-dependent IgA class switching.  

Besides TGFβ1, IgA class switching may also be induced through B-cell activation 

combined with cytokines like interleukin-2 (IL-2), IL-4, IL-5, IL-6, and IL-10 82–88. 

The MALT environment uniquely fosters the development of IgA-producing B-cells 

89. When primed B-cells in MALT encounter their specific antigen, they mature into 

conventional B2 cells that produce antigen-specific IgA 90,91. These cells then 

migrate to the sinonasal epithelium, where they differentiate into IgA-secreting 

plasma cells, providing targeted defense against harmful antigens. 

Alternatively, to provide a rapid IgA response to inhaled antigens, B-cells can be 

directed to produce non-specific, polyreactive IgA through a T-cell-independent 

pathway. Certain T-cell-independent antigens directly activate B-cells, such as 

lipopolysaccharide (LPS) via Toll-like receptors (TLRs) 92 or polysaccharides 

through the B-cell receptor (BCR) 93. Additionally, retinoic acid has been shown to 

selectively induce an IgA class switch in B-cells 94. Other T-cell-independent 

antigens promote IgA production indirectly by stimulating DCs to release B-cell 

activating factor (BAFF) and a proliferation-inducing ligand (APRIL), which drive 

IgA1 and IgA2 production in B-cells, respectively 95,96. 

Epithelial and local stromal cells can also enhance T-cell-independent IgA 

production by secreting thymic stromal lymphopoietin (TSLP), IL-6, IL-10, BAFF, 

and APRIL 97. TACI (transmembrane activator and CAML interactor), a 
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transmembrane receptor on B-cells, binds BAFF and APRIL, playing a central role 

in IgA class switching. B-cells activated through this T-cell-independent pathway 

are typically of an innate-like type (B1 cells), known to produce unmutated, "natural" 

IgA, especially in the gut. This natural IgA exhibits spontaneous antigenic specificity 

for common surface epitopes on erythrocytes, thymocytes, and microorganisms such 

as phosphorylcholine or LPS 97. These polyreactive antibodies recognize multiple 

antigens with low affinity, offering broad, though limited, protection against a range 

of pathogens 98–100.  

Figure 2 summarizes the most important pathways of the IgA/pIgR system at the 

mucosal barrier.  
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Figure 2. IgA biology at the nasal mucosa surface. 

Isoforms of IgA are illustrated in upper-left square. In the NALT, antigen-specific and 

polyreactive IgA is produced by B2 and B1 cells respectively and secreted in the lamina 

propria by plasma cells as dIgA.  The pIgR is responsible for its transepithelial transport 

towards the lumen, where dIgA is released bound to the SC. The complex IgA/SC is what 

we know as s-IgA. In the lumen, S-IgA binds toxins and allergens in either a canonical and/or 

non-canonical way to perform its main roles: neutralization and immune exclusion, 

preventing bacterial colonization by invasive species (panel inserts). Antigen-activated T-

cells induce an IgA class switch in B-cells, typically in the presence of TGF-β, or other 

mediators secreted by dendritic cells (DC) or epithelium. T-cell independent IgA class switch 

occurs either via direct antigenic activation of B-cells or via production of B-cell activating 

factor (BAFF) and/or a proliferation-inducing ligand (APRIL) by DCs. TSLP: thymic 

stromal lymphopoietin. PRR: pattern-recognition receptor. TLR: toll like receptor. TACI: 

transmembrane activator and calcium modulating cyclophilin ligand interactor. Created with 

BioRender.com. Figure from Sánchez-Montalvo et al. 2022 144. 
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3.2.  The different roles of IgA at the mucosal barrier 

 

3.2.1. Induction of mucosal tolerance against harmless antigens 

Beyond its role as a neutralizing antibody that blocks antigens, s-IgA also contributes 

to antigen sampling by selectively transporting antigens from the lumen to the 

MALT 101. Not all antigens encountered threaten the host, and it is crucial that not 

all trigger immune activation, as this could result in inappropriate inflammatory 

responses. Ideally, when a harmless antigen is inhaled, immune effector cell 

responses are suppressed or downregulated, a process known as mucosal tolerance, 

which helps prevent unnecessary immune reactions. 

S-IgA is essential for maintaining mucosal tolerance, largely due to its inability to 

provoke an inflammatory response when binding its specific receptor, the FcαRI, on 

its own. FcαRI, expressed by myeloid cells, requires cooperation with other receptors 

to either amplify or inhibit cytokine production. When IgA binds to its antigen, it 

forms immune complexes (ICs). Whether these ICs induce tolerance or 

inflammation via FcαRI depends on the presence or absence of a secondary signal. 

Without additional signals, the recognition of ICs by FcαRI leads to antigen uptake, 

resulting in only partial activation of dendritic cells (DCs) without triggering 

proinflammatory responses 102 (Figure 3). This mechanism is crucial for inducing 

mucosal tolerance, particularly to inhaled allergens, where s-IgA is thought to play 

a role, although much about its mechanisms remains unknown. 
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Figure 3. Suggested roles of IgA in homeostasis and disease. 

(A) Homeostasis panel: commensal bacteria colonize mucosal surfaces of the respiratory 

tract. IgA-secreting plasma cells produce IgA that binds microbes with low affinity, 

preventing exclusion of coated bacteria. In this way, IgA coating controls the composition of 

the microbiome by promoting growth of beneficial commensals. Isolated activation of FcαR 

on DCs induces tolerance via the activation of T regulatory cells. (B) Infection panel: 

Pathogens that penetrate the epithelial layer will be opsonized by local d-IgA present in the 

subepithelial space. These antibody-opsonized pathogens will activate DC by a double 

stimulation of both FcαRI and PRR, such as TLRs. This co-stimulation turns tolerogenic DCs 

into pro-inflammatory cells which induce an active adaptive immune response by activating 

Th1, Th17 and type 3 ILCs. (C) Allergy panel: in atopic individuals, the uptake of allergens 

by DC results in an induction of a type 2 inflammatory environment with the induction of 

Th2 cells and activation of ILC2 with an influx of eosinophils and production of antigen-

specific IgE. In these sensitized individuals, re-exposure to allergens causes a cross-linking 

of mast-cell bound IgE on mast cells, leading to their degranulation. Secretory IgA (S-IgA) 

is known to bind and activate eosinophils and might promote this Th2 response. However, 

antigen-specific IgA is believed to act as a scavenger for allergens, preventing binding to its 

specific IgE. In the pre-sensitization phase, antigen-specific S-IgA is believed to play an 

important role in inducing allergenic tolerance. BAFF: B cell activation factor. APRIL: A 

proliferation inducing ligand. TSLP: Thymic stromal lymphopoietin. PRR: pattern-

recognition receptor. IgA-IC: IgA-immune complexes. Created with BioRender.com. Figure 

from Sánchez-Montalvo et al. 2022 144 
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3.2.2. Protection against pathogenic infections 

In addition to maintaining mucosal tolerance, s-IgA plays a vital role in the first-line 

immune defense against harmful inhaled agents, such as pathogenic microbes. It 

achieves this protective role through multiple mechanisms across various mucosal 

sites. S-IgA can bind to microbes in both canonical and non-canonical ways 103. 

Canonical binding involves the Fab region of the antibody binding directly to the 

microbial antigen, while non-canonical binding involves alternative binding modes 

that do not rely on the complementarity determining regions (CDR) at the ends of 

the Fab arms. One of the primary roles attributed to s-IgA is immune exclusion, a 

process that includes several steps such as agglutination, mucus entrapment, and 

airway clearance 104. S-IgA prevents first prevents the adhesion of toxins and 

bacterial surface antigens, like adhesins or pili, which facilitate epithelial invasion, 

by directly recognizing receptor-binding domains 105. This is followed by 

agglutination, where IgA crosslinks with microbial antigens, forming macroscopic 

clumps of pathogens. Studies in both the gut and airways have shown that these 

clumped pathogens become trapped in the epithelial mucus layer and are 

subsequently cleared from the airways 106,107. This entrapment is largely facilitated 

by the oligosaccharide side chains of the secretory component (SC), highlighting the 

advantage of s-IgA over monomeric IgA in secretions 108. 

Despite IgA's relatively limited ability to activate complement compared to IgG and 

IgM, subepithelial d-IgA can still initiate an adaptive immune response. When 

pathogens breach the epithelial layer, they are opsonized by local d-IgA in the 

subepithelial space. Under normal conditions, IgA-opsonized pathogens are rare in 

the lamina propria, but during infection, their presence increases significantly due to 

microbial invasion. These antibody-opsonized pathogens not only engage FcαRI but 

also activate pathogen-sensing receptors like Toll-like receptors (TLRs), providing 

a secondary signal to immune cells. The combination of these signals can co-activate 

otherwise tolerogenic DCs into pro-inflammatory cells, which then induce an active 
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adaptive immune response by activating Th17 cells and type 3 innate lymphoid cell 

(ILC3) responses 109 (Figure 3). 

Moreover, the significance of IgA in the protective anti-bacterial immune response 

is evident, as bacteria have evolved mechanisms to produce anti-IgA or anti-FcαRI 

bacterial proteins. These proteins interfere with IgA-FcαRI interactions, helping 

bacteria evade phagocytosis by FcαRI-expressing immune cells 110. 

 

3.2.3. IgA and nasal microbiome homeostasis 

The nose and paranasal sinuses are home to a diverse microbiome, consisting of both 

commensal and pathogenic bacteria 31,32. In healthy individuals, commensal 

microbes form a symbiotic relationship with the host and can even help strengthen 

the mucosal barrier against invading external pathogens. Since both commensals and 

invading pathogens often share similar antigens, the detection of microbial structures 

by pathogen recognition receptors (PRRs), like TLRs, alone cannot fully explain 

how the mucosal immune system differentiates between harmless commensals and 

harmful bacteria 109. Given the immunomodulatory properties of IgA, it is believed 

that this antibody plays a critical role in distinguishing between these microbes, a 

concept largely explored in the gut. Research suggests that IgA may be responsible 

for maintaining the balance of indigenous bacteria, rather than eliminating them, to 

preserve microbial diversity in the gut 111. 

At the intestinal mucosal level, it has been observed that IgA binds to the surface of 

certain members of the intestinal microbiota (up to 74% of gut bacteria are estimated 

to be coated with s-IgA) yet, in most cases, this binding does not result in their 

removal from the system 112. Recent studies have uncovered new aspects of IgA 

coating, particularly its role in regulating host tolerance towards specific 

commensals 113. The question of why some microbes are coated with IgA while 

others are not remains unanswered. One theory suggests that IgA can directly or 

indirectly influence microbial gene expression 114,115, leading to varied host cell 
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responses depending on whether the bacteria are coated with IgA 114. Another 

hypothesis is that IgA coating may be linked to the pathogenic potential of the 

microbe; research by Palm and colleagues found that IgA coating of microbiota 

could determine the "colitogenic" potential of bacteria, linking it to the development 

of chronic inflammatory bowel disease 116. 

 

Further evidence supporting this theory comes from patients with selective IgA 

deficiency (SIgAD), who tend to exhibit gut dysbiosis, marked by an overabundance 

of certain pathogenic species and a concurrent reduction in beneficial commensals 

116–119. Additionally, it has been demonstrated that s-IgA coating of microorganisms 

can promote the formation of biofilms, which support the growth of slow-growing 

commensals while suppressing the growth of pathogenic microbes 120. 

Compared to the gut, hardly anything is known about the role of s-IgA in relation to 

the microbiome of other mucosal surfaces such as the airways.
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3.3. IgA in the airways 

At the level of the respiratory mucosal epithelium, plasma cells from the lamina 

propria secrete IgA in the form of dimers, comprising two IgA monomers that are 

covalently linked to a polypeptide known as J-chain 121. The J-chain of the dimeric 

IgA (d-IgA) can bind to the polymeric immunoglobulin receptor (pIgR) at the 

basolateral site of the nasal epithelium and the complex d-IgA/pIgR is transported, 

through the epithelial layer, toward the mucosal lumen. In the apical site of the 

epithelium and after proteolytic cleavage, d-IgA is released bound to the 

extracellular component of the pIgR, called SC. SC is crucial for further antibody 

stabilization and for enabling IgA to bind effectively with pathogenic proteins 108.  

The complex d-IgA/SC conforms what is known as s-IgA 122. In the lumen, s-IgA is 

believed to primarily act through physical mechanisms such as coating, cross-

linking, agglutination and promoting the interconnected growth of mucosal antigens. 

These functions produce a range of effects that generally do not trigger inflammation 

and contribute to defense of the nasal mucosa in a non-specific way 103 (Figure 2).  

Unlike most antibodies, IgA possesses both immunosuppressive and pro-

inflammatory properties. This dual role makes IgA crucial for maintaining 

homeostasis at the mucosal barrier, which is constantly exposed to a wide range of 

antigens, both harmful and benign (or even beneficial). In the gut, IgA contributes 

to mucosal balance in three key ways: (1) by neutralizing potentially harmful 

microbes, (2) by preventing inappropriate inflammatory responses to microbial and 

food antigens and (3) by shaping the composition of the commensal microbiota. 

While data on these specific IgA functions in the airways is more limited, similar 

mechanisms are likely to support respiratory mucosal homeostasis. Figure 3 

illustrates the primary pathways through which IgA may contribute to both 

homeostasis and inflammation triggered by bacteria or allergens in the airways. 
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4. IgA research in CRS 

When studying pathophysiology of CRS, and specifically the role of the humoral 

immune system, immunoglobulin E (IgE) has received significant attention due to 

its established role in allergic rhinitis (AR) 5 and CRS with nasal polyps (CRSwNP) 

16. However, the potential contributions of other immunoglobulins in rhinitis and 

rhinosinusitis have been less explored. Since IgA is the most abundant 

immunoglobulin in nasal secretions and is regarded to play a crucial role in the first-

line immune defense 109,123, surprisingly few research papers have been dedicated to 

study its role in CRS. 

Most of the knowledge on the role of IgA and its receptors in upper airways derives 

from studies of individuals presenting with SIgAD. SIgAD is characterized by 

significantly reduced or absent levels of IgA in the serum (typically < 7mg/dl), while 

IgG and IgM levels remain normal. It is the most common immune deficiency 

worldwide, affecting approximately 0.7% of the Caucasian population 6. It has been 

reported that 16.7 % of patients with CRS have low levels of IgA with 6.2 % 

matching the definition of SIgAD 124. Conversely, SIgAD is present more frequently 

with CRS (up to 78%) compared to individuals with normal antibody levels 125. In 

addition to low serum levels, it has been shown that these patients also exhibit absent 

or very low IgA production in their upper airways 126.  Despite the seemingly critical 

roles of s-IgA, most patients diagnosed with SIgAD are asymptomatic. This might 

be explained by either inadequate diagnostic testing or compensation mechanisms 

by other immunoglobulins. Nevertheless, these patients seem to present with more 

frequent respiratory infections, allergies, and auto-immune diseases compared to 

patients with normal IgA levels 127,128. 

Initially, the role of IgA in the upper airways was thought to be passive, given that 

these individuals do not typically present with obvious infectious or inflammatory 

symptoms. However, recent research indicates that IgA plays a more active role in 
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immunity 129, and disturbances in IgA biology have been linked to the 

pathophysiology of rhinitis  130,131and chronic rhinosinusitis 132.  

Several studies have studied the production of IgA in patients with CRS (Table 1). 

At the serum level, all studies seem to agree that no significant differences are 

detected between CRS patients and controls 133,134.  

The study by Lal et al. reported significantly increased specific IgA production in 

response to microbial proteins compared to healthy controls in serum. IgA reactivity 

was particularly higher for several bacterial and viral species, 

including Staphylococcus aureus, human metapneumovirus, human herpesvirus 5, 

and human herpesvirus 4 135. At the level of local IgA production, differences are 

detected between patients with CRS and healthy controls. Four studies found higher 

levels of IgA (total and/or IgA1) in sinus tissue from patients with CRSwNP 132,136–

138 and three of them showed increased numbers of IgA+ plasma cells 136–138 135-137. 

Two studies also reported an overexpression of BAFF, an important inducer of local 

IgA class switching, in CRSwNP patients 138,139. These findings indicate an increase 

in the local IgA production by T2 inflamed polyp tissue (as is the case for IgE) and 

most of the plasma cells detected in NP tissue are of the IgA producing type 140. One 

recent paper suggests the possibility of local conversion of bacterial antigen-specific 

IgA to IgE that might occur in a Th2 environment 141, but more insight is needed to 

confirm its relevance. 

 

With regards to s-IgA levels in nasal secretions, results are a bit less straightforward; 

while a large study performed by Tsybikov and colleagues found increased S-IgA 

levels in 54 patients with CRSwNP compared to 40 healthy controls 142, this increase 

was not in keeping with the – smaller – study by Hupin and colleagues 132. Although 

they confirmed the previously described increase in tissue IgA in CRSwNP patients, 

this was not translated into higher S-IgA levels in the nasal secretions, but rather due 

to an accumulation of IgA in the subepithelial tissue. This could be explained by the 
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fact that CRSwNP patients showed significantly lower expression levels of pIgR on 

their epithelium, leading to a reduced transepithelial transport of the 

immunoglobulin. Although no significant differences in S-IgA were detected, they 

did demonstrate reduced antigen-specific IgA levels directed towards SEB 132, a 

powerful superantigen linked to the severity of Th2 inflammation. Most of the other 

studies looking at IgA levels in CRS did not characterize the specificity of IgA in 

patients. However, another study found elevated mucosal levels of autoreactive IgA 

to nuclear antigens, including double stranded DNA and basement membrane 

components that might contribute to the disease mechanism 143. 
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Table 2. Human studies investigating the role of IgA in CRS. 

Table adapted from Sánchez-Montalvo 2022 144. 

Reference Populations IgA expression 

(tissue) 

IgA in serum IgA in 

secretions 

pIgR expression 

(tissue) 

Lal et al., 

2023 

39 CRS,           

79 healthy 

controls 

Not investigated - Significantly 

elevated levels 

of IgA in 

response to 

microbial 

proteins 

Not 

investigated 

Not investigated 

Aazami et 

al., 2020 

36 CRSwNP, 

12 CRSsNP, 

22 healthy 

controls. 

- Increase of total 

IgA+ cells in the 

lamina propia of both 

CRS groups  

- Increase of total 

IgA+ cells in the 

epithelium of patients 

with CRSwNP 

- Increase of total IgA 

and IgA1 in patients 

with CRSwNP 

(protein level) 

Not investigated Not 

investigated 

Not investigated 

Takeda et 

al., 2019 

46 CRSwNP, 

15 healthy 

controls 

- No significant 

differences in patients 

with CRSwNP 

- IgE class switching 

from IgA-producing B 

cells 

Not investigated Not 

investigated 

Not investigated 
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Aazami et 

al., 2018 

10 CRSwNP, 

10 CRSsNP, 

10 healthy 

controls. 

Not investigated - No significant 

differences in 

total IgA levels 

and subclasses 

(IgA1, IgA2) in 

serum among 

groups 

Not 

investigated 

Not investigated 

Dilidaer et 

al., 2017 

25 CRSwNP, 

12 CRSsNP, 

10 healthy 

controls 

- Increase of BAFF in 

patients with 

CRSwNP 

Not investigated Not 

investigated 

Not investigated 

Sokoya et 

al., 2017 

6 CRSwNP, 6 

CRSsNP, 6 

healthy 

controls. 

- Increase of IgA+ 

cells in patients with 

CRSwNP 

- Increase of IgA 

expression in patients 

with CRSwNP 

Not investigated Not 

investigated 

Not investigated 

Zhang et 

al., 2017 

36 CRSwNP - Increase of IgA 

in CRSwNP 

Not investigated Not 

investigated 

- Decrease of 

pIgR in 

CRSwNP 

Tsybikov 

et al., 2015 

54 CRSwNP, 

46 CRSsNP, 

40 healthy 

controls. 

Not investigated Not investigated - Increased 

sIgA in both 

CRS groups, 

being more 

pronounced in 

CRSwNP  

Not investigated 
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Hupin et 

al., 2013 

10 CRSwNP, 

13 CRSsNP, 

20 healthy 

controls. 

- Decrease of IgA 

expression in 

CRSwNP, submucosal 

accumulation  

Not investigated - No 

significant 

differences 

among groups 

- Decrease of 

specific IgA 

vs S. aureus 

enterotoxin B 

in CRSwNP 

- Decrease of pIgR 

in CRSwNP 

- Decrease of SC 

concentration in 

CRSwNP (in nasal 

secretions) 

Tan et al., 

2011 

44 CRSwNP, 

25 CRSsNP, 

22 healthy 

controls 

- Increase of total IgA 

levels in patients with 

CRSwNP 

Not investigated Not 

investigated 

Not investigated 

Kato et al., 

2008 

60 CRSwNP, 

39 CRSsNP, 

30 healthy 

controls 

- Significant increase 

of IgA in patients with 

CRSwNP. 

- Significant increase 

of BAFF in patients 

with CRSwNP. 

- Significant increase 

of BAFF in patients 

with CRSwNP. 

Not investigated - Significant 

increase of 

BAFF in 

patients with 

CRSwNP. 

 

Not investigated 

Van Zele et 

al., 2007 

15 CRSwNP, 

15 CRSsNP, 

10 healthy 

controls 

- Increase of IgA 

levels in patients with 

CRSwNP 

 

- No significant 

differences in 

IgA levels 

among groups 

Not 

investigated 

Not investigated 

Chee et al., 

2001 

78 patients 

with refractory 

sinusitis 

Not investigated - Below-normal 

range IgA levels 

in 13 of 78 

patients 

Not 

investigated 

Not investigated 

Sánchez-

Segura et 

al., 2000 

19 CRSwNP, 

patients’ 

peripheral 

blood as 

control 

- Increase of IgA-

producing cells in 

nasal polyp tissue 

Not investigated Not 

investigated 

Not investigated 
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Very little additional information can be retrieved from animal models, mostly due 

to the lack of well-established models of CRS. Only one paper reported on increased 

s-IgA levels in nasal secretions of mice with experimentally induced CRS 71.  
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5. Hypothesis and objectives of the thesis 

CRS currently constitutes a major global health burden, with an important impact on 

the quality of life of patients and important health-care costs 7. Today, still a lot of 

question marks remain around its pathogenesis. This is partially linked to the fact 

that proper mouse models of CRS are lacking. Because of the increased prevalence 

of CRS in SIgAD patients and the fact that IgA seems to be implicated in chronic 

inflammatory diseases of the lower airways and the gut, we wanted to dig deeper 

into the role this immunoglobulin might play in CRS.  

Our working hypothesis is that patients with CRS show an aberrant mucosal IgA 

response, at a quantitative level (via reduced IgA production or reduced receptor-

mediated epithelial transport) and/or at a functional level. These abnormalities might 

lead to a dysregulation of sinonasal microbiome homeostasis and contribute to CRS 

development. 



73 

Thus, the current project aimed at addressing this hypothesis through three main 

work-packages, through which we aim at addressing the following objectives: 

 

• Objective 1: to establish and/or develop reliable mouse models of 

eosinophilic and non-eosinophilic CRS to be able to study IgA biology in 

CRS in vivo. 

 

• Objective 2: to evaluate whether the absence of IgA and/or pIgR leads to 

more severe sinus inflammation in vivo using the established mouse models 

of CRS. 

 

• Objective 3: to study the levels of sinonasal IgA and its receptor (pIgR) in 

our cohort of patients with CRS and compare them to healthy controls. 

 

• Objective 4: to investigate whether patients with CRS exhibit altered 

mucosal IgA responses towards their nasal microbiota compared to healthy 

controls. 
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To address the complexity of CRS and investigate the role of mucosal immunity, 

particularly secretory IgA, we structured the thesis in a progressive and logical 

workflow. 

First, we established and characterized a murine model of eosinophilic CRS, 

mimicking T2 or eosinophilic inflammation, as described in Chapter II. This model 

served as the foundation to study immune responses associated with eosinophilic 

forms of CRS. 

Recognizing that CRS is a heterogeneous disease with distinct inflammatory 

endotypes, we then developed and characterized a complementary murine model of 

neutrophilic CRS, reflecting non-T2 or non-eosinophilic inflammation, as detailed 

in Chapter III. This bacterial-induced model aimed to better reproduce the infectious 

and dysbiotic components often implicated in non-T2 CRS pathogenesis. 

In Chapter IV, we aimed to bridge experimental models with clinical reality by 

integrating human samples and pioneering mucosal immunology techniques. First, 

we characterized nasal mucosal biopsies from CRS patients to validate key immune 

and inflammatory features. Then, we expanded the use of our established mouse 

models described in Chapter II and Chapter III by using genetically modified mice 

lacking s-IgA (pIgR knockout mice), allowing us to assess the impact of s-IgA 

deficiency on disease development and inflammatory responses. A major innovation 

of this chapter was the application of the IgA-SEQ technology in bacteria obtained 

from our patients’ cohort, which enabled the identification of bacteria specifically 

targeted by mucosal IgA. To our knowledge, this was the first time IgA-SEQ was 

applied in the context of CRS, providing novel insights into host-microbiota 

interactions at the sinonasal surface. However, we also recognize some limitations 

of the IgA-SEQ approach in this setting, particularly related to the low biomass 

nature of sinonasal samples, which may affect detection sensitivity and the 

interpretation of coating patterns. 
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Through this combined approach, using human biopsies, established murine model 

and the use of IgA-SEQ technology, we sought to provide a more comprehensive 

and translational understanding of the role of mucosal IgA in CRS pathogenesis. 
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Preface  

 

CRS is a heterogeneous disease characterized by distinct inflammatory endotypes, 

including T2 or eosinophilic and non-T2 or non-eosinophilic forms. Understanding 

the immunological mechanisms underlying these subtypes is essential for improving 

therapeutic strategies. 

To explore these mechanisms underlying eosinophilic CRS experimentally, we first 

established and characterized a murine model reproducing key features of type 2 

inflammation. 

Chapter II presents the establishment and characterization of a murine model 

mimicking eosinophilic CRS, providing the basis for subsequent investigations into 

mucosal immune responses. 
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1. Abstract 

Background: Chronic rhinosinusitis (CRS) is a highly prevalent airway disease 

worldwide. Whereas eosinophilic CRS with nasal polyps (eCRSwNP) represents its 

most severe phenotype, pathogenic mechanisms remain poorly understood despite a 

wide spectrum of in vitro and in vivo experimental models. A mouse model of 

experimental ovalbumin (OVA)-induced airway allergy with coadministration of 

Staphylococcus aureus enterotoxin B (SEB) has been widely used to study 

eosinophilic eCRSwNP. This study revisits the features of this model and its 

suitability for studying eCRS. 

Methodology: We implemented the most used eCRSwNP mouse model based on 

OVA+SEB intranasal challenges. Readouts including inflammatory features by 

(immuno)histology of the sinonasal epithelium (NP formation, eosinophils, 

epithelial and basement membrane thickness, fibrosis, goblet cells, Charcot-Leyden 

crystals (CLC)-like, tight junctions) and IgE production by enzyme-linked 

immunosorbent assay (ELISA), were compared to features of the corresponding 

human disease.  

Results: The OVA+SEB model induced eosinophilic inflammation of upper and 

lower airways, with epithelial and basement membrane thickening, goblet cell 

hyperplasia and subepithelial fibrosis in the sinuses, along increased IgE production. 

Except local IgE in nasal lavage (NL), which was only increased in OVA+SEB 

group, all other features did not differ between OVA and OVA+SEB groups. Macro- 

or microscopic NP were not detected.  

Conclusions: With the notable exception of local IgE production, the addition of 

SEB did not induce additional inflammatory or structural changes in the sinuses from 

mice exposed to and challenged with OVA. This model, although it is a good tool to 

study eosinophilic inflammation, might represent a model for severe upper airway 

allergy rather than a specific model of human eCRSwNP. 
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2. Introduction 

Chronic rhinosinusitis (CRS) is one of the most common upper airway inflammatory 

diseases in the Western world, with a prevalence of 11% 1. CRS may severely impair 

patients’ quality of life, leading to a significant socio-economic burden 2. In the most 

recent guidelines, CRS is classified according to its inflammatory subtype: T2 

inflammation, characterized by the canonical T helper (h) 2 inflammatory pathways; 

and non-T2 inflammation, a more heterogeneous group characterized by the 

presence of Th1/Th17/Th22 cytokines 3. In the Western world, patients with a T2 

profile often present with the formation of nasal NP arising from the paranasal 

sinuses and protruding into the nasal cavities 4. Patients suffering from eCRS with 

NP (eCRSwNP) suffer from more severe symptoms and experience increased 

recurrence after surgery compared to non-T2 patients 3. Moreover, it has been 

described that around 22-40% of patients with eCRS present with asthma, fitting the 

united airways hypothesis 5.  

Although many scientific advancements have helped unraveling disease mechanisms 

of T2 eCRS in recent years 6-9, its exact pathophysiology and driving triggers for NP 

formation remain elusive. One of the best-studied disease-modifying factors is 

increased sinonasal colonization with Staphylococcus aureus and the link between 

its enterotoxins and CRSwNP. Especially, SEB plays a role as a superantigen but 

can also elicit several direct harmful effects on the respiratory mucosa 10-14. Another 

feature that has arisen as a key driver for CRSwNP is the loss of the epithelial barrier 

function formed by e.g. junctional complexes 15,16, which can also be affected by 

SEB 17.  

Because of the IgE-mediated eosinophilic T2 inflammation seen in most CRSwNP 

patients, it was initially thought that IgE-mediated allergy was the inciting factor for 

this disease. Therefore, the link with allergic rhinitis (AR) has been extensively 

studied 18. However, it has become clear that not all patients with CRSwNP suffer 
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from allergy and, to date, there’s no conclusive evidence linking allergy to CRS. 

Some specific phenotypes of CRSwNP such as allergic fungal rhinosinusitis (AFRS) 

and the more recently described central compartment atopic disease (CCAD) seem 

to be more related to allergy. However, in other CRS phenotypes the prevalence of 

AR does not appear to be higher than in the general population 19. Additionally, AR 

is a very prevalent disease that shows a significant overlap in symptomatology and 

histopathology with CRS 3.  

Studying the pathophysiology of human disease is often limited due to the 

heterogeneity of patient population, which could be partially solved by the 

availability of a suitable animal model. In the past decades, murine models have 

emerged as useful tools to study immunological pathways in respiratory diseases 

such as asthma and AR 20,21. Despite the differences between humans and mice, their 

airway organization and immunological responses are comparable 22.  In 2011, a 

mouse model of eCRS was described by Kim 23. This model was based on the 

induction of experimental airway allergy followed by nasal exposure to SEB 23. As 

a result, mice developed an eosinophilic influx at the sinus epithelium, characterized 

by general features of T2 inflammation. However, the major drawback of this model 

was the lack of development of macroscopic NPs, as seen in humans. Despite that, 

this mouse model has been widely used in a growing number of publications 

investigating the mechanisms of human eCRSwNP 24. In general, while this model 

does not intend to fully replicate the heterogeneity of human CRS, it provides a 

valuable platform to investigate fundamental mechanisms relevant to disease 

development under standardized conditions.
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In this chapter, we aimed to establish this common mouse model to study eCRS for 

further research and to evaluate the classical inflammatory features of this mouse 

model in a critical way. We searched whether the addition of SEB truly added value 

to the classical AR mouse and compared its features to those of human eCRSwNP. 

This section describes our experience with this widely used eCRS model. We discuss 

the different issues related to it and from which researchers in this field may benefit 

when interpreting results. Also, although it is a good tool to study eosinophilic 

sinonasal inflammation, we point out the gaps for the establishment of a more 

adequate mouse model for eCRSwNP. 
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3. Methodology 

3.1.  Experimental procedure to induce experimental eosinophilic 

CRS in mice 

3.1.1. Animal model 

7-8 weeks old C57BL/6NRJ female mice (weighting 20-25g) were purchased from 

the Janvier Labs (Centre d’élevage Roger Janvier) facility. Mice were housed in an 

animal facility with agreement reference LA1230292, maintained at 22-25 °C and 

50-60% relative humidity. A summary of the experimental protocol is shown in 

Figure 4. Mice were randomly divided into four different groups with n = 4 to 

10/group: control, SEB, OVA, and OVA+SEB. Briefly, based on Kim et al. 2011, 

OVA was used to sensitize mice with an intraperitoneal (i.p.) injection of a total 

volume of 200 µl containing 25 μg of OVA in 2 mg of aluminum hydroxide gel on 

days 0 and 7. Control mice were injected with 200 µl of Phosphate-Buffered Saline 

(PBS). This was followed by daily intranasal (i.n.) challenges from day 14 to 20 with 

6% OVA diluted in 20 µl of PBS. Mice in the control and SEB groups received i.n. 

challenges with PBS instead. These i.n. challenges were continued at a rate of three 

times a week for 8 consecutive weeks. Mice that were planned to develop an eCRS, 

received, in addition to these i.n. OVA-challenges, a second i.n. challenge with 10 

ng of SEB diluted in 20 µl of PBS, also three times a week for eight weeks. For i.n. 

installations, mice were slightly sedated by using isoflurane inhalation (Isoflutek 

1,000 mg/g, Karizoo Laboratories). After i.n. installations, each mouse was closely 

followed until completely awakened. All animal experiments were performed in 

compliance with the ethical committee guidelines and approved under the reference 

code 2018/UCL/MD/42. 
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Figure 4. Experimental protocol for the induction of eCRS based on the original model. 

OVA: ovalbumin; SEB: Staphylococcus aureus enterotoxin B; Alum: aluminum. 

 

 

3.1.2. Sacrifice and sampling 

Three days after the final i.n. challenge, mice were euthanized by administering an 

i.p injection of pentobarbital (200mg/kg). First, blood was drawn from the inferior 

cava vein and centrifuged at 650g for 20 minutes at room temperature (RT) and 

serum was collected and stored at -20ºC for further processing. NL fluid was 

collected and recovered via the nostrils by softly flushing 1ml of saline solution 

(NaCl 0.9%) by inserting a 22G cannula (VersatusTM I.V Catheter) through a 

tracheotomy. Then, the NL was centrifuged at 450g for 5 minutes at 4ºC to collect 

the cell pellet, which was used for performing cytospins, and the supernatant was 

stored at -20ºC for further processing. Bronchoalveolar Lavage (BAL) was collected 

by inserting a second catheter via the created tracheotomy, through which 1mL of 

saline solution was gently flushed and recovered from the bronchioles. Like the NL, 

the BAL was centrifuged at 450g for 5 minutes at 4ºC to collect the cell pellet, which 

was used for performing cytospins, and the supernatant was stored at -20ºC for 

further processing. Then, an intracardiac perfusion was performed with 5 ml of saline 
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solution to rinse the lung blood vessels and then the lungs were fixed in 

formaldehyde 4% for further histology analysis. Skulls were harvested and skin and 

soft tissues, as well as the inferior mandibula, were removed. They were fixed in 

formaldehyde 4% and decalcified in 20 ml of OsteoralTM (RAL Diagnostics) for 5 

days. After decalcification, the snout and brain were removed to keep the skull region 

of interest containing the paranasal sinuses. The decalcified skull and lungs were 

dehydrated and treated according to standard paraffin-embedding procedures. 

Paraffinized Skulls and lungs were cut into 4 µm sections by using a semi-automated 

microtome (ThermoFisher Scientific).  

 

3.2. Cytospins for inflammatory cell count 

NL and BAL were collected as described and centrifuged at 450g for 5 minutes at 

4ºC to separate the cell pellet. The supernatant was stored, and cells were counted 

by using a TC20TM Automated Cell Counter (Bio-Rad). Cells were loaded into a 

Thermo Shandon Cytospin Centrifuge (Thermo Shandon) following the 

manufacturer's instructions and centrifuged at 500 revolutions per minute (rpm) for 

5 min. Cytospins were stained by using the Kwik-DiffTM kit (Thermo Fisher 

Scientific). In brief, sections are fixed in the ‘Kwik-Diff’ fixative solution I. Then 

the slides are stained with the ‘Kwik-diff’ eosin solution II and followed by a 

counterstaining with the ‘Kwik-diff’ methylene blue solution III. Last, slides are 

rinsed in distilled water to remove excess stain, coverslipped, and scanned by using 

a Pannoramic scan II (3DHistech). 
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3.3. Histopathologic analysis of the paranasal sinus epithelium 

To analyze the below-mentioned parameters among the different mice groups, we 

decided to focus on the three fixed areas of both the right and the left maxillary sinus 

(two areas on the lateral side and one area on the medial side) were taken to evaluate 

histological features (Figure 5). After being stained by the respective staining 

protocols, all slides were coverslipped and scanned by using a Pannoramic scan II 

(3DHistech). 

 

 

Figure 5. Coronal section of the sinonasal complex of mice showing the maxillary (*) 

and ethmoidal sinuses (arrow), H&E staining. 

Rectangles indicate the regions of the maxillary sinuses that were selected in each mouse to 

evaluate different histological features in a systematic way. 
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To study the epithelial integrity, formation of NP-like lesions and epithelial 

thickness, H&E staining was performed. Briefly, paraffinized 4 µm sections the 

sections underwent deparaffination and rehydration by putting them into toluene and 

methanol for 3 times 5 minutes for each solvent and then, in tap water and distilled 

water for 5 minutes each. Next, the slides were incubated into hematoxylin for 5 

minutes and after that, they were rinsed in tap and distilled water for 5 minutes each. 

Further, the slides were incubated with eosin for 10 minutes, followed by a double 

wash in methanol and a final incubation in xylene for 3 times 5 minutes each. Finally, 

the slides were coverslipped and scanned by using a Pannoramic scan II (3DHistech). 

To count NP-like lesions per mouse, consecutive sections at three consecutive levels 

of the skull were evaluated, similar to the initial model published by Kim 23. NP-like 

lesions were defined as a projection from the lining of the epithelium to the lumen, 

with a tear-drop shape and filled with eosinophils. NP-like lesions were only 

considered when found in three consecutive sections at three different levels in the 

skull to account for artefacts. 

To evaluate epithelial thickness, the cellular space between the basolateral to the 

apical pole of the epithelial cell layer was manually measured by using Cytomine 25.  

To evaluate basement membrane thickness, the space between the basolateral pole 

of the epithelial layer and the first layer of submucosal glands was manually 

measured by using Cytomine 25.  

Giemsa staining was performed to evaluate goblet cell hyperplasia and eosinophilic 

infiltration. Quantification was performed by using QuPath 26 and expressed as a 

percentage of positive area. Giemsa staining was performed to evaluate goblet cell 

hyperplasia and eosinophilic infiltration. Briefly, paraffinized 4 µm sections 

underwent deparaffination and rehydration by putting them into toluene and 

methanol for 3 times 5 minutes for each solvent and then, in tap water and distilled 

water for 5 minutes each. Next, the slides were incubated with Giemsa solution 
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(Merck) 2% for 20 minutes. Then, they were differentiated with absolute ethanol, 

coverslipped and scanned by using a Pannoramic scan II (3DHistech). 

Sirius red (SR) staining was performed to evaluate collagen deposition. Briefly, 

paraffinized 4 µm sections underwent deparaffination and rehydration by putting 

them into toluene and methanol for 3 times 5 minutes for each solvent and then, in 

tap water and distilled water for 5 minutes each. Next, the slides were permeabilized 

by incubating them with phosphomolybdic acid for 2 minutes and then were rinsed 

in tap and distilled water for 5 minutes each. Further, the slides were incubated with 

Picrosirius Red for 2 hours at RT in a humid chamber. After that, the slides were 

incubated in hydrochloric acid for 2 minutes in light agitation, followed by a wash 

in distilled water and dehydration in absolute ethanol and a final incubation in xylene 

for 3 times 5 minutes each. Finally, the slides were coverslipped and scanned by 

using a Pannoramic scan II (3DHistech). Quantification was performed by using 

ImageJ, as described by Courtoy et al. 27, and expressed as a percentage of positive 

stained area following the formula: 

% 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑠𝑡𝑎𝑖𝑛𝑖𝑛𝑔 =  
𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑎𝑟𝑒𝑎

𝑇𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎
 𝑥 100. 

 

3.4. Immunohistochemical expression of tight junctions in the sinus 

epithelium 

Paraffinized 4 µm sections were deparaffinized in toluene and rehydrated through 

graded series from methanol to distilled water. Sections underwent antigen retrieval 

treatment using an antigen retriever (2100 antigen retriever, Aptum Biologics). 

Endogenous peroxidase and non-specific protein binding sites were inactivated by 

incubation in Bloxall (Vector Laboratories, Inc., USA) for 15 min and with 0.3% 

hydrogen peroxide in tris-buffered saline (TBS) 5% goat serum (Abcam) for 30 min. 

As primary antibodies, rabbit anti-mouse Claudin 3 (Invitrogen, 34-1700), mouse 

anti-mouse Claudin 4 (Invitrogen, 32-9400), rabbit anti-mouse occludin (Invitrogen, 
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71-1500) and mouse anti-ZO1 (Invitrogen, 33-9100) were respectively incubated 

overnight at 4ºC. After washing with TBS 0.1% Tween 20 (TBS-T), sections were 

incubated with either goat anti-rabbit poly HRP (B40962, ThermoFisher) or goat 

anti-mouse poly HRP (B40961, ThermoFisher) as secondary antibody for 40 

minutes. Revelation was performed by using a DAB Plus Substrate Kit (D4168, 

Sigma-Aldrich) according to the manufacturer’s instructions. Sections were 

counterstained with Hematoxylin (Sigma-Aldrich) and coverslipped. Slides were 

scanned using a Pannoramic scan II (3DHistech). Quantification was performed by 

using QuPath 26 and expressed as percentage of positive area. To compare the above-

mentioned parameters between the different mice groups, three areas of both the 

right and the left maxillary sinus (two areas on the lateral side and one area on the 

medial side) were taken to evaluate histological features (Figure 5). The 

quantification strategy for tight junction’ expression is shown in Figure 6. 

 

 

Figure 6. Validation and quantification strategy for TJ staining. 

In red, the region of interest considered for the quantification of TJ staining (brown). 

Quantification was performed by using QuPath 26. 
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3.5. Total IgE and cytokine measurements 

Serum and NL levels of total IgE were determined by sandwich ELISA. Briefly, a 

96-well microplate (Greiner Bio-one) was coated with purified mouse IgE (BD 

Pharmingen 553413) as capture antibody and was incubated overnight at 4ºC. Next, 

the plates were blocked with bovine serum albumin (BSA) 1% and incubated for 1h 

at 37ºC and washed with PBS + 0.05% Tween 20. Standards (BD Pharmingen, 

557079) and samples were added to the plates and incubated for 2h at 37ºC. After 

washing, the detection was performed with biotinylated anti-mouse IgE (BD 

Pharmingen, 553419) for 1h at 37ºC, followed by Streptavidin-HRP amplification 

for 30 min at RT. Revelation was performed using 1-Step™ Ultra TMB (Thermo 

Fisher Scientific) and sulfuric acid was added to stop the reaction. The absorbance 

was measured at 405 nm on a microplate reader (iMarkTM Microplate Absorbance 

Reader, Bio-Rad Laboratories, Inc). The lower limit of detection was 2.87 ng/ml. 

Serum samples were diluted 1:25 in PBS and NL samples were used undiluted. 

The same protocol was performed to determine levels of IL-4 and IL-5 using the 

commercial DuoSet® ELISA kits from R&D systems following manufacturer 

instructions. The lower detection limit was 62,5 pg/ml for IL-4 and 125 pg/ml for 

IL-5. NL samples were used undiluted.
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3.6.  Histopathologic analysis of the bronchial epithelium 

Giemsa staining was also performed in paraffinized 4 µm sections of the fixed left 

lung lobe as described above to evaluate the general state of the lung epithelium and 

to evaluate eosinophilic infiltration. Slides were coverslipped and scanned by using 

a Pannoramic scan II (3DHistech). 

 

3.7. Statistical analysis 

Analysis was performed with GraphPad Prism version 8.0.0 (GraphPad Software, 

San Diego, CA, USA). Results are presented as median from each group ± 

interquartile range (IQR). Statistical differences between experimental groups were 

evaluated with the Kruskal-Wallis test, with Dunn’s post-hoc control test for 

comparing multiple groups. A value of p<0.05 was considered significant.  
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4. Results 

4.1.  Mice treated with OVA show an eosinophilic inflammation of 

the nose and sinuses 

In NL, eosinophils were increased in mice treated with OVA without or with SEB 

compared to mice receiving PBS (p<0.05 and p<0.01, respectively) (Figure 7 A). 

Neutrophil counts were not different among groups (Figure 7 B). At tissue level, sub- 

and intraepithelial eosinophilic infiltration was increased in mice receiving OVA 

alone and OVA+SEB compared to those receiving PBS (p<0.05 and p<0.001, 

respectively) and in mice receiving OVA+SEB compared to SEB alone group 

(p<0.05) (Figure 7 C-D). CLC-like were detected in the sinuses and nasal fossae of 

all mice treated with OVA, in similar quantities between the OVA and OVA+SEB 

groups compare to mice treated with PBS and SEB alone (both p<0.001 and both 

p<0.05 respectively) (Figure 7 E-F). No differences were found between OVA and 

OVA+SEB groups for the above-mentioned parameters. 

 

4.2. Mice treated with OVA show increased systemic IgE 

production. The addition of SEB to OVA induces the 

production of local IgE production 

Total serum IgE levels were higher in mice receiving OVA and OVA+SEB 

compared to mice receiving PBS (both p<0.05). No difference in serum IgE levels 

was found between the OVA and OVA+SEB groups (Figure 7 G). Three of nine 

mice treated with OVA+SEB showed detectable IgE levels in their NL; all other 

values were below the detection limit (Figure 7 H). IL-4 and IL-5 in the NL were 

below detection level in the NL of all mice (data not shown). 
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Figure 7. T2 inflammatory markers in an experimental mouse model of eCRS. 

(A) Eosinophils percentage of total inflammatory cells recovered from the NL. (B) 

Neutrophils percentage of total inflammatory cells recovered from the NL. Graph depicts 

median (±IQR). (C) Eosinophilic infiltration quantification. Every dot depicts the median 

(±IQR) of 6 measurements per mouse at the different levels of the maxillary sinus. 

Quantification was performed by using QuPath 26. (D) representative Giemsa-stained 

sections of the epithelial layer from maxillary sinuses. Eosinophils infiltrating the 

subepithelial space are stained pink-purple (arrow). (E) representative CLC-like structures 

found in OVA (left) and OVA+SEB (right) groups, Sirius Red staining. (F) counting of the 

number of clusters of CLC-like structures Graph depicts median (±IQR). (G) total IgE levels 

in serum. Graph depicts median (±IQR). H: total IgE levels in NL. Graph depicts median 

(±IQR). ELISA detection limit was 2.87 ng/ml. Kruskal-Wallis test: *p<0.05; **p<0.01; 

***p<0.001. ND: non-detectable. Scale bar= 20 µm. 
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4.3.  Mice treated with OVA and OVA+SEB show similar epithelial 

abnormalities and remodelling at the levels of the sinuses 

On H&E-stained skulls, the epithelial cell layer of the maxillary sinus was thicker in 

mice challenged with OVA alone and OVA+SEB compared with mice receiving 

PBS (p<0.01 and p<0.001, respectively) (Figure 8 A-B). Goblet cells were more 

abundant in mice treated with OVA and OVA+SEB than in mice treated with PBS 

(p<0.05 and p<0.001) (Figure 8, C-D). Also, basement membrane thickening was 

more pronounced in mice treated with OVA and OVA+SEB compared with mice 

receiving PBS (p<0.05 and p<0.001, respectively) (Figure 8, E-G). Subepithelial 

fibrosis was higher in the OVA and OVA+SEB groups compared with mice 

challenged with PBS (p<0.01 and p<0.001, respectively) (Figure 8 F-G). At the level 

of tight junction expression, no differences were seen among the treated groups 

(Figure 8 H; Figure 9). No changes were found between OVA and OVA+SEB 

groups for the above-mentioned epithelial changes.  

In our hands, no NP-like lesions were detected in the maxillary, nasal fossae, or 

ethmoidal sinuses of mice treated with OVA+SEB, nor in any of the other groups.   
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Figure 8. Airway epithelial remodeling in experimental eCRS. 

 (A) Epithelial thickness measurements quantification. Graph depicts median (±IQR) of 24 

measurements per mouse performed by using Cytomine 25. (B) Representative H&E-stained 

sections of the epithelial layer from maxillary sinuses. Arrows indicate how epithelial height 

was measured. (C) Goblet cell quantification. Graphs depict median (±IQR) of 6 

measurements per mouse. Quantification was performed by using QuPath 26. (D) 

Representative Giemsa-stained sections of the epithelial layer from maxillary sinuses. Goblet 

cells are stained in dark blue. (E) Basement membrane thickness measurements 

quantification. Graphs depict median (±IQR) of 24 measurements per mouse performed by 

using Cytomine 25. (F) Collagen deposition quantification. Graphs depict median (±IQR) of 

6 measurements per mouse. Quantification was performed by using ImageJ, as described by 

Courtoy et al. 27. (G) Representative SR-stained sections of the epithelial layer from maxillary 

sinuses. Arrows indicate how basement membrane measurement was performed. (H) TJ 

expression and quantification. Graphs depict median (±IQR) of 6 measurements per mouse. 

Quantification was performed by using QuPath 26. Kruskal-Wallis test: *p<0.05; **p<0.01; 

***p<0.001. ND: non-detectable. Scale bar= 10 μm. 

 

 

 

Figure 9. TJ’ expression in experimental eCRS. 

Representative sections of the epithelial layer from maxillary sinuses in each group. (A) 

Claudin 3 staining. (B) Claudin 4 staining. (C) Occludin staining. (D) ZO-1 staining. Scale 

bar= 20 μm. Quantification was performed by using QuPath 26. 
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4.4. Mice treated with OVA and OVA+SEB develop eosinophilic 

lower airway inflammation 

Total inflammatory cell count was higher in the BAL of mice receiving OVA+SEB 

compared with mice treated with PBS (p<0.01) (Figure 10 A). BAL eosinophils were 

increased in the OVA alone and OVA+SEB groups compared with mice receiving 

PBS (both p<0.05) (Figure 10 B). Neutrophils were higher in mice receiving 

OVA+SEB group (p<0.05) (Figure 10 C). These findings were confirmed by 

histology, showing general edema, increased basement membrane thickening and 

peri-bronchial eosinophilic infiltration in the lungs of mice treated with OVA and 

OVA+SEB (Figure 10 D). Moreover, both OVA and OVA+SEB groups showed 

local production of IgE in the BAL compared with mice challenged with PBS (both 

p<0.05) (Figure 10 E). There was no difference between OVA and OVA+SEB 

groups for any of the above-mentioned parameters. 
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Figure 10. Inflammatory features in the lower airways in experimental eCRS. 

 (A)-(C) Inflammatory cell count in BAL: (A) total inflammatory cells, (B) eosinophils, (C) 

neutrophils. Graphs depict median (±IQR). (D) Overview of Giemsa-stained stained lung 

lobes in a mouse model of experimental eosinophilic CRS. Eosinophils infiltrating the 

subepithelial space are stained pink (arrow). (E) Total IgE levels in BAL. ELISA detection 

limit was 2.87 ng/ml. Kruskal-Wallis test: *p<0.05; **p<0.01. Scale bar, 10 μm. BAL: 

bronchoalveolar lavage. ND: non-detectable. 
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5. Discussion 

In this study, we aimed at establishing and critically evaluating one of the most used 

mouse models to study eCRSwNP disease mechanisms. The model is based on the 

addition of the superantigen SEB to a mouse model of experimental respiratory 

allergy, in this case, induced by OVA. In our hands, C57/Bl6 mice treated with OVA 

alone and OVA+SEB showed similar histological sinonasal changes at the maxillary 

sinuses, such as eosinophilic infiltration, increased epithelial and basement 

membrane thickening, goblet cell hyperplasia, subepithelial fibrosis and the presence 

of CLC-like elements. We also detected increased systemic IgE production and 

inflammatory changes in lower airways. The only difference between mice receiving 

OVA and OVA+SEB, in our hands, was the induction of local nasal IgE in OVA+ 

SEB mice. No NP or NP-like lesions were detected in sinuses of OVA+SEB mice in 

our model. 

Eosinophilic infiltration and IgE production are typical features of T2 diseases such 

as AR and eCRSwNP. B-cells are triggered to produce IgE antibodies in a T2 

environment that is induced by exposure to allergens or other 

microbial/environmental antigens 28. Increased levels of serum IgE are found in all 

AR patients, and some eCRSwNP patients. eCRSwNP patients typically show 

increased levels of local, polyclonal IgE in their NP tissue, which is believed to be 

the result of the superantigen effect of Staphylococcal aureus enterotoxins on the 

local B-cells 28. Eosinophils are attracted and activated by the T2 cytokine IL-5, 

which is elevated in both AR and eCRSwNP patients 29. The action of these cells is 

then responsible for causing a chronic inflammatory state in the sinonasal mucosa, 

leading to general inflammatory characteristics such as goblet cell hyperplasia, 

basement membrane thickening and fibrosis being features of chronic inflammation. 
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Why CRSwNP patients develop a more severe disease at the level of the sinus 

mucosa with the formation of large NPs that can protrude to the nasal cavities, is still 

not well understood.  

For decades, researchers have been trying to elucidate the trigger for NP formation 

in CRSwNP, which included the search for a relevant mouse model. Most of these 

mouse models have been based on a respiratory allergy model to induce the required 

T2 response and allergens used range from the food allergen OVA to house dust mite 

and fungal allergens 30,31. Because of the belief that the local polyclonal IgE 

production upon exposure to SEB could contribute to NP formation, a South Korean 

group decided to expose OVA-allergic mice to SEB to develop an eCRSwNP mouse 

model 23. Unfortunately, this model did not lead to the formation of macroscopical 

NP, as seen in human CRSwNP. However, they do describe the presence of a few 

microscopic ‘NP-like lesions’, defined as eosinophilic protrusions of the epithelium 

involving micro cysts, being limited to one to four lesions per mouse. Most of these 

lesions were found at the level of the nasal passage (septum and turbinates) rather 

than in the paranasal sinuses 23. Later, only a few papers addressed these microscopic 

NP-like structures in a reliable way. Graphs showing the number of NP-like lesions 

are often not accompanied by histological pictures of the lesions and if they are, they 

are mostly located outside the paranasal sinuses (septum and nasal floor) and can 

easily be confused with artefacts 24.  

In our study, we were not able to detect any of these NP-like lesions in either of the 

experiments at the level of the maxillary and ethmoidal sinuses, olfactory cleft or 

nasal cavity lining. It is important to mention that we used the modified version of 

Kim’s initial protocol (using 10ng of SEB and a slightly shorter challenge phase). 

However, this is the protocol that has been used in most of the articles reporting on 

this mouse model 24. The absence of NP-like lesions in our hands could be explained 

by the use of C57BL/6 mice, which are genetically less prone to develop severe T2 

disease. However, we observed a severe eosinophilic tissue inflammation with the 
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presence of Charcot-Leyden-type crystals. It does raise the question whether these 

NP-like structures are really similar to what is seen in human eCRS.  

One of the explanations for the above-mentioned limitation might be that mice may 

not be able to develop NP due to anatomical differences between humans and mice 

or differences in the local mucosal immune system 22. Another explanation could be 

that the current experimental protocol is not ideal for developing severe sinus 

inflammation with NP formation. One of the issues is that mouse models are limited 

in time and chronicity levels, since the ones observed in human eCRS cannot be 

reached in mice. There is also the possibility that allergic inflammation and SEB are 

not the (only) required mediators to develop CRSwNP or that the local inflammation 

induced might not be sufficiently severe to disrupt the epithelium in a way prompting 

NP formation. An old paper from Karolinska showed in a rabbit model of surgically 

induced infectious maxillary sinusitis that larger edematous NPs were formed in 

areas of severe epithelial desquamation, subepithelial edema and inflammatory cell 

influx. They showed that epithelial dedifferentiation and cell migration led to the 

formation of subepithelial microcavities and the formation of polyp stalks evolving 

to larger NPs 32. Interestingly, in our study, we did not show a loss of tight junctions 

in the sinus epithelium of mice treated with OVA+SEB. This suggests a lack of 

mucosal barrier defect in contrast to what is seen in human CRSwNP 33, being one 

of the potential key triggers of NP formation. 

Our study has several limitations, such as the fact that we stuck to a single mouse 

strain and allergen. However, we followed a consequent and reproducible 

methodology, which we feel is often lacking in other papers describing this model. 

The quantification of inflammatory tissue changes was performed in a consistent 

way sticking to 6 well-defined areas in the maxillary sinus. We avoided looking at 

ethmoidal sinuses because of their density in mice, leading to artifacts in histological 

staining. Unlike most other studies, we decided to not consider the septum and lateral 

nasal wall, since we were evaluating sinus disease and not rhinitis. Additionally, in 
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contrast to other papers, we included all experimental groups, including mice treated 

with OVA and SEB alone. 

This led us to one of the pivotal observations of this study – the absence of 

differences between mice treated with OVA alone and OVA+SEB. Interestingly, 

apart from nasal IgE levels, we did not find significant differences in inflammatory 

features between mice treated with OVA alone (corresponding to a chronic AR 

mouse model) and those additionally receiving SEB. Most of the studies using this 

mouse model to study disease mechanisms of eCRSwNP only compared the 

OVA+SEB group with a control group. The initial publication by Kim showed an 

OVA alone group with a significant increase in local eosinophils, IL-5 and eotaxin 

levels between OVA and OVA+SEB groups 23, which we could not detect (eotaxin 

not measured). Their observed differences, however, can be attributed to SEB having 

an adjuvant effect on allergic sensitization, as has been shown previously in a mouse 

model of OVA-induced AR 34. Furthermore, their use of BALB/c mice, instead of 

C57BL/6NRJ mice in our protocol, could explain differences detected in their study 

35-37. 

Although this is a good mouse model of eCRS, we question whether it is a suitable 

model to study eCRSwNP. All inflammatory findings described are features of both 

human eCRS and AR, and the most robust histopathological difference between the 

two diseases is the formation of large polyps in the sinus, lacking in our mouse model 

(Table 3). In humans, up to date, there are no other histopathological features 

distinguishing AR from eCRS and diagnosis of eCRS is based on symptoms and 

radiology which are currently not measurable in mice in a reliable way. 
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Table 3. Inflammatory features of the OVA/SEB mouse model in comparison 

to human eCRS and AR. 

 

Although biopsy studies are lacking, there is evidence that patients with AR also 

show T2 inflammation in their sinuses 38 and around 40% of eCRSwNP also suffer 

from AR 18. Yet, despite overlap in symptomatology and T2 inflammatory profile, 

AR and eCRSwNP are two different disease entities requiring different treatment 

strategies 8. Also, studies investigating the role of allergy as a contributing factor to 

eCRSwNP show contradictory results 19 and differences exist between the two 

diseases such as eosinophil activation levels, local remodeling leading to NP 

formation and presence of neutrophils 39. There is growing recognition that even T2 

Inflammatory features 

Murine 

model of 

eCRS 

Human 

AR 

Human 

eCRSwNP 

Eosinophilic infiltration    

IgE production    

Epithelial disruption and thickening    

Goblet cell hyperplasia    

Basement membrane thickening    

Type 2 cytokine production    

Decreased tight junction expression    

Edema with NP formation    

United airway disease    

 1 
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CRSwNP population consists of a heterogeneous patient group where different 

disease mechanisms are playing. Notably, it has been suggested that the recently 

described CRS endotype ‘CCAD’ might be more related to IgE-mediated allergic 

phenomena than other types of T2 eCRSwNP, such as seen in severe asthma or 

Samter’s triad 40. In our hands, we did not observe the development of nasal polyp-

like structures and even though only a small number of studies report such findings, 

the model does consistently induce an eosinophilic inflammation, which makes it a 

valuable tool for studying the eosinophilic inflammatory endotype of CRS, but not 

the CRSwNP phenotype. Therefore, this model might be a proper tool to study 

disease mechanisms of CCAD, but less those of other eCRSwNP endotypes. The 

spatial distribution of the NP-like lesions shown in mice by other authors, mostly 

found in the nasal fossa rather than in the sinuses 23,41-46, supports the theory of a 

more CCAD-like phenotype of the mouse model 3. 

Finally, we want to highlight that we detected T2-related inflammatory changes in 

the lower airways of mice treated with OVA and OVA+SEB, resembling features 

associated with allergic asthma. These findings manifested even though the nasal 

installation volumes were too small to reach the lower airways 47,48. Although we did 

not perform any functional bronchial testing, this emphasizes the importance of the 

robust connection between upper and lower airways, mirroring the observed 

interplay in human AR and eCRS 49. 
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Preface  

 

In Chapter II, we successfully established and characterized a murine model of 

eosinophilic CRS, reproducing key features of T2 inflammation, in line with 

established protocols available in the literature. 

However, while several models exist to study T2 sinonasal inflammation, there is 

currently no validated or standardized murine model for studying non-T2 CRS, 

mainly characterized by neutrophilic inflammation. 

Therefore, in Chapter III, we aimed to address this gap by developing and 

characterizing a mouse model of neutrophilic CRS, providing a complementary tool 

to broaden the study of CRS pathogenesis beyond T2 immune responses. 
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1. Abstract 

 

Background: Chronic rhinosinusitis is a highly prevalent upper airway disease. Its 

pathogenesis remains poorly understood, especially for the non-eosinophilic 

endotype, characterized by neutrophilic inflammation of the paranasal sinuses. 

Currently, no validated mouse model exists to study disease mechanisms, indicating 

an important research gap.  

 

Objective: To establish a reproducible mouse model of chronic neutrophilic 

rhinosinusitis, comparing relevant respiratory pathogens, to allow further research 

on non-eosinophilic chronic rhinosinusitis pathophysiology. 

 

Methods: a nasal tampon was surgically inserted in the nasal cavity of mice and 

inoculated with relevant bacteria for sinus disease: Staphylococcus aureus, 

Streptococcus pneumoniae and Pseudomonas aeruginosa. Inflammatory features in 

sinus mucosa were evaluated after 4, 8 and 12 weeks on decalcified skulls by 

histology and immunohistochemistry and by cytospins and enzyme-linked 

immunoassay on nasal lavage. 

 

Results: Mice inoculated with S. aureus showed better survival than those inoculated 

with S. pneumoniae and P. aeruginosa. S. aureus and, to lesser extent, P. aeruginosa 

were still detectable in the nasal lavage up to 12 weeks. Mice with S. aureus and P. 

aeruginosa-induced chronic rhinosinusitis showed significantly hypertrophia of the 

epithelium, neutrophilic infiltration and fibrosis in the sinus mucosa, with increased 

Th1 cytokines in the nasal lavage. 

 

Conclusion: S. aureus and P. aeruginosa are more potent inducers of neutrophilic 

inflammation than S pneumoniae in mice. This model allows us to further study non-

eosinophilic chronic rhinosinusitis pathophysiology in vivo. 
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2. Introduction 

After establishing a model for eosinophilic CRS in Chapter II, it became important 

to create a complementary model representing non-T2 CRS. This chapter describes 

the development and optimization of a bacterial-induced mouse model of 

neutrophilic inflammation in the sinonasal mucosa and its comparison with the 

eosinophilic model to better understand immune heterogeneity in CRS. 

 

CRS is defined as an inflammation of the nasal and paranasal sinus mucosa leading 

to two or more symptoms, one of which should be either nasal 

blockage/obstruction/nasal secretions, including headaches/facial pressure or pain 

and loss of smell. These symptoms last for over twelve weeks and are confirmed by 

endoscopy and/or imaging 1. Affecting around 11% of the European population 2, it 

is known to have a severe impact on the quality of life of patients 3 leading to 

significant loss of work productivity and health-care costs 4.  

 

In the most recent guidelines, CRS is classified according to its inflammatory profile 

1. Generally, in the Western world, patients with a T2 inflammatory profile often 

present with NP formation with mainly activated eosinophils and Th2 response, with 

increased levels of IgE, IL-4, IL-5 and IL-13 in the sinus tissue 5. In patients with a 

non-T2 inflammatory profile, Th1 and/or Th17 responses are observed, with mainly 

neutrophilic infiltration and increased levels of IFN- in the nose 6,7. In Western 

countries, NP are less likely to occur in this endotype 8. 

 

Environmental factors, genetic predisposition, anatomical differences, and comorbid 

diseases are considered risk factors for CRS 9. Moreover, defects at the level of the 

sinonasal epithelium seem to play a key role in driving a chronic inflammation of 

the sinuses 10. Also, the presence of certain pathogens such as Staphylococcus 

aureus, have been linked consistently to disease development or modification 11. 
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While most of the research dedicated to CRS has focused on T2 CRS or eosinophilic 

CRS (eCRS), very few studies have attempted to study non-T2 or neutrophilic CRS 

(nCRS). Notwithstanding, non-T2 CRS is believed to be the most frequent endotype 

12 and very little is known about its pathophysiology. 

 

Because of the disadvantages linked to clinical research, such as differences in 

genetic background and exposome, there has been a long-standing interest in 

developing animal models as a tool to study this complex disease. The crucial role 

of mouse models in understanding physiological and pathological processes should 

not be underestimated in the constantly evolving field of biomedical research. 

Although differences exist between human and murine airways, mouse models have 

proven to be a very useful tool to investigate immunological and respiratory disease 

mechanisms 13–15. For eosinophilic T2 CRS, a mouse model that is based on the 

induction of an experimental allergy, in combination with SEB exposure, is 

frequently used and has been accepted within upper airway research groups 16,17. 

However, for non-eosinophilic or nCRS, no such mouse model is currently available. 

Up till now, very few reports on nCRS mouse models have been published. 
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In this chapter, we optimized and validated a mouse model that was reported by 

Jacob and colleagues in 2001 and that is based on the combination of the surgical 

introduction of a bacterial source with an anatomical occlusion of the outflow tract 

of the paranasal sinuses 18. In this work, we reproduced, adapted and validated this 

surgical technique to develop a bacterial-induced neutrophilic inflammation in the 

nasal mucosa in a way that reliable and reproducible results can be obtained. We 

provide a step-by-step protocol for this challenging but very useful and promising 

technique to develop a mouse model of nCRS. We tested three bacterial strains that 

are relevant for sinonasal disease such as Staphylococcus aureus, Streptococcus 

pneumoniae and Pseudomonas aeruginosa, and mice were evaluated at three 

different time points. By doing so, we were able to develop an adequate, reliable and 

reproducible mouse model of non-eosinophilic CRS that can help us in the future to 

gain a better insight into this disease entity.  
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3. Methodology 

3.1.  Experimental procedure to induce an experimental nCRS in 

mice 

 

3.1.1. Ethics statement 

All animal experiments were performed in compliance with the Ethical Committee 

guidelines (2021/UCL/MD/017), following ‘Bruxelles Environnement – IBGE’ 

guidelines, and approved under the reference code 2000/13429.8.  

 

3.1.2. Animals 

 7-8 weeks old C57BL/6NRJ male mice (weighting 25-30g) were purchased from 

Janvier Labs and maintained in an Animal Biosafety Level 2 (ABSL-2) facility with 

agreement reference LA1230292. Mice were randomly divided into four different 

groups: control (saline) group (n=33), S. aureus inoculation (n=43), S. pneumoniae 

inoculation (n=41) and P. aeruginosa inoculation (n=49). Mice from each group 

were consecutively sacrificed four, eight and twelve weeks after surgery (Figure 11 

A).  

 

3.1.3. Bacteria 

The different bacterial strains used for this experiment were S. aureus LenticulesTM 

(Sigma-Aldrich, CRM06571M, isolated in Oxford, UK (1940), from a subculture in 

a clinical/laboratory setting); P. aeruginosa VitroidsTM (Sigma-Aldrich, 

VT000256, exact isolation source not publicly specified; commonly derived from 

clinical samples) and S. pneumoniae (ATCC®, 49619TM, isolated from the sputum 

of a 75-year-old male patient in Phoenix, Arizona, USA). Bacteria were cultured on 

sheep blood agar plates (Thermo Scientific™, PB5012A) and kept overnight at 37°C 

in the case of S. aureus and P. aeruginosa, and plus 5% CO2 for S. pneumoniae. 
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Then, bacteria were resuspended in saline and serial dilutions were performed from 

1:1 to a 1:109 dilution. Ten microliters of each dilution were seeded on Petri dishes 

and incubated at 37°C (plus 5% CO2 for S. pneumoniae) for 24 h. The resulting 

number of colonies was correlated to an OD600nm to have a solution with around 

1x109 CFU/ml according to optical density 152. 

 

3.1.4. Surgical procedure 

The protocol described in this section is published on protocols.io, 

(dx.doi.org/10.17504/protocols.io.rm7vzxwzxgx1/v2). Briefly, on Day 0, mice were 

anesthetized, with a mix of Xylazin (maximum 15 mg/kg) and Ketamin (maximum 

80 mg/kg) intraperitoneally (i.p.), and received analgesia, Temgésic (maximum 0,05 

mg/kg) subcutaneously according to safety recommendations 20,21. Mice underwent 

micro-surgery (Figure 17 B) using a stereomicroscope. An 8-mm midline incision 

was performed by using a 15-mm scalpel blade over the nasal dorsum to the snout 

and skin flaps were raised laterally to expose the nasal bone. A 1.5-mm microdrill 

(Medtronic, MI, USA) was used to drill the nasal bone over the nasal fossa and the 

upper part of the septum was removed. A pre-cut (4 mm x 1 mm x 1 mm) and 

sterilized nasal tampon (Medtronic, MI, USA) was soaked with 10 microliters of a 

109 CFU/ml solution of the corresponding bacteria, or saline for controls. This 

tampon was then carefully placed in both nasal cavities blocking the sinus outflow 

tracts but leaving sufficient space to breathe through the inferior meatus (Figure 11 

C). The skin flaps were then sutured over the tampon with 5.0 non-resorbable 

polypropylene sutures (MonosoftTM, Coviden) and mice were placed in a cage that 

was heated by an IR lamp (IR100 Infrared lamp, MEDISANA®) for recovery. To 

overcome any postoperative pain, mice received analgesia every 12 hours for 24 

hours after the procedure. 
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3.1.5.  Humane endpoints 

Once awake and active after surgery, the mice were returned to the ABSL-2 facility. 

Animal health and behavior were closely watched and monitored every day for one 

week and then four times a week until completion of the experiment to ensure the 

well-being of the animals. If mice reached a score of non-well-being, mainly 

observed with respiratory distress, or lost more than 20% of their body weight, they 

were euthanized according to humane endpoints.  

 

 

 

Figure 11. Experimental set up of the bacterial-induced nCRS mouse model and 

murine sinus anatomy. 

(A) Experimental design. (B) Overview of the surgical procedure. 1- The mouse is fixed in 

the surgical area. 2- Skin flaps are opened and 3- the nasal bones are drilled to expose the 

nasal mucosa. 4- A pre-cut to size sterile nasal tampon is 5- inoculated with a saline or 

bacterial solution and 6- inserted into the nasal cavity of the mice. Last, 7- skin is sutured 

with non-resorbable sutures. (C) Murine sinus anatomy, coronal sections. Left, normal nasal 

cavity of a mouse without any treatment. Right, nasal cavity of a mouse with an inserted nasal 
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tampon inoculated with saline at four weeks post-surgery, H&E staining. Rectangles indicate 

the regions of the maxillary sinuses that were selected in each mouse to evaluate different 

histological features in a systematic way. Nasal tampon partially blocking the nasal cavity is 

indicated with an asterisk (*). Zoom in shows the general state at the sinus epithelial layer, 

without noticeable signs of inflammation due to the presence of the nasal tampon inoculated 

with saline. 

 

3.2. Sacrifice and sampling 

 

Four, eight or twelve weeks after surgery, mice were euthanized by administering an 

i.p. injection of pentobarbital (200mg/kg). First, blood was drawn from the inferior 

cava vein and serum was collected by centrifugation for 10 minutes at 650g and room 

temperature and stored at -20ºC. Then, a tracheotomy was performed to carry out the 

NL via inserting a 22G cannula (VersatusTM I.V Catheter) towards the choanae. 1 ml 

of saline (NaCl 0.9%) was softly flushed, recovering and washing every 200 μl in 

the syringe, through the catheter and recovered at the nostrils. After using ten 

microliters for bacterial culture, the remaining NL fluid was centrifuged for 5 

minutes at 450g and 4ºC to collect the cell pellets, used for performing cytospins. 

The supernatant was stored at -20ºC for further processing. Skulls were harvested by 

decapitation and skin, soft tissues and the inferior mandibula were removed. They 

were fixed in formaldehyde 4% and decalcified in OsteoralTM (RAL Diagnostics) for 

5 days. After decalcification, snout and brain were removed to keep the region 

containing the paranasal sinuses. The decalcified skulls were dehydrated and treated 

according to standard paraffin-embedding procedures. Paraffinized skulls and lungs 

were cut into 4-µm sections with a semi-automated microtome (ThermoFisher 

Scientific).  
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3.3.  Bacterial culture 

Ten microliters from NL were seeded on a sheep blood agar plate with a sterile L-

shaped spreader. The agar plate was incubated at 37°C in the case of S. aureus and 

P. aeruginosa and plus 5% CO2 for S. pneumoniae. After 24 hours, bacterial 

colonies were identified and counted. 

 

3.4. Cytospins from NL and inflammatory cell count 

NL was collected as described above and centrifuged for 5 minutes at 450g and 4ºC 

to separate the cell pellet. Cells were resuspended in 100 microliters PBS and loaded 

into a Thermo Shandon Cytospin Centrifuge (Thermo Shandon) following the 

manufacturer's instructions and centrifuged at 500 revolutions per minute (rpm) for 

5 minutes. Cytospins were stained by using the Kwik-DiffTM kit (Thermo Fisher 

Scientific). The stained slides were coverslipped and scanned by using a Pannoramic 

scan II (3DHistech). Total inflammatory cells and total neutrophils were manually 

counted in cytospins by using Qupath 22. Results are presented as median ± IQR. 

 

3.5.  Cytokine and chemokine measurements in NL 

A custom mouse pro-inflammatory panel was used to detect multiple cytokines and 

chemokines in the NL fluid using the MSDTM V-PLEX technology (MSD, Rockville, 

MD) according to the manufacturer’s instructions: IFNγ, (lower limit of detection 

(LLD)= 0.07 pg/ml); IL-1β (LLD=0.081 pg/ml); IL-2 (LLD= 0.24 pg/ml); KC/GRO 

(LLD= 0.18 pg/ml); IP-10 (LLD= 0.328 pg/ml); IL-12p70 (LLD= 6.22 pg/ml); 

TNFα (LLD= 0.08 pg/ml); IL-33 (LLD= 0.28 pg/ml); IL-17A/F (LLD= 0.1 pg/ml); 

MIP-2 (LLD= 0.049 pg/ml). Results are presented as median ± IQR. 
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3.6. Histologic and immunohistochemical analysis of the paranasal 

sinuses 

Four μm-thick paraffin sections were cut from tissue blocks. Stained slides were 

scanned using a Pannoramic Scan II (3DHistech). To analyze the below-mentioned 

parameters among the different mice groups, three areas of both the right and the left 

maxillary sinus (two areas on the lateral side and one area on the medial side) were 

taken to evaluate histological features (Figure 11 C). For the evaluation of the 

epithelium, hematoxylin and eosin (H&E) staining was performed. Epithelial 

thickness was evaluated by measuring the epithelial layer, from basolateral to apical 

pole by using Cytomine 23. Results are presented as median of 24 measurements per 

mouse ± interquartile range (IQR). For the evaluation of subepithelial fibrosis, 

collagen deposition was evaluated by Sirius red (SR) staining with ImageJ based on 

the method described by Courtoy 24, in which an image analysis tool was applied to 

detect and segment collagen fibers in histological sections, followed by the 

calculation of the collagen proportionate area (CPA) to quantitatively assess the 

extent of fibrosis. Results are presented as median of 6 measurements per mouse ± 

IQR. Tissue neutrophilic infiltration was evaluated via specific 

immunohistochemistry (IHC) performed for the lymphocyte antigen 6 family 

member G (Ly6G) biomarker. As primary antibody for murine neutrophils, rat anti-

mouse Ly6G (BD Bioscience, 551459) was used and incubated at room temperature 

for 1 hour. Quantification of murine neutrophils was performed by using QuPath 22 

and expressed as a percentage of positive area. Results are presented as median of 6 

measurements per mouse ± IQR. For the evaluation of bacteria presence in tissue, 

specific IHC was performed for S. aureus and P. aeruginosa. As primary antibodies, 

PA17246 from Thermo Scientific and ab68538 from Abcam were used, respectively, 

and incubated at RT for 1 hour.  
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3.7. Statistics 

A Kaplan-Meier estimation curve was plotted for the post-operative survival of mice 

with GraphPad Prism version 8.0.0 (GraphPad Software, San Diego, CA, USA). 

Statistical analysis on the different outcome parameters observed was also performed 

by using GraphPad Prism version 8.0.0. Results are presented as median from each 

group ± interquartile range (IQR). Statistical differences between experimental 

groups, comparing disease group to the control group of the same time point, were 

evaluated using the Kruskal-Wallis test, with Dunn’s post-hoc control test for 

comparing multiple groups. A value of p<0.05 was considered significant. For the 

cytokines/chemokines measurements, due to the high number of samples not 

reaching the lower limit of detection, because of a known important dilution factor 

in NL, and resulting in a low N per group, we used the Mann-Whitney U test between 

each inoculated group and controls within the same time point in addition to the 

Kruskal-Wallis test, to confirm observed trends. These are indicated in different 

colors in the respective graph. 
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4. Results 

4.1.  Mice inoculated with S. aureus have a higher survival rate 

than S. pneumoniae and P. aeruginosa 

None of the mice inoculated with any of the bacteria showed signs of local 

infection at the level of the incision, nostrils, or eyes at any of the evaluated 

time points. A significantly lower survival rate post-surgery was observed in 

mice inoculated with S. pneumoniae-induced CRS and with P. aeruginosa-

induced CRS, with the deaths occurring mainly within two weeks after 

surgery (Figure 12). In the group of mice inoculated with S. pneumoniae, 32 

out 41 mice survived (78% of the mice). In the group of mice inoculated with 

P. aeruginosa, 37 out of 49 mice survived (75.5% of the mice). The survival 

rate was higher in mice inoculated with S. aureus, where 42 out of 43 mice 

survived (97.7% of the mice). Sacrifices to respect animal well-being were 

mainly performed within the first week following the surgery. None of the 

mice inoculated with saline reached a high discomfort score and 33 out of 33 

mice survived (100% of the mice). 
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Figure 12. Survival of operated mice. 

Kaplan-Meier survival curves of mice with bacterial-induced neutrophilic CRS. The survival 

of mice (from the date of surgery until the end of the protocol) is compared by a standard log 

rank to test differences between controls with a saline-inoculated nasal tampon and the 

different bacterial-inoculated nasal tampon groups in the probability of a death. 
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4.2. S. aureus and P. aeruginosa remain detectable in nasal 

secretions up to 12 weeks post-operatively 

Bacterial persistence in the nasal cavity was assessed 24 hours after seeding the NL 

in agar culture. S. aureus could be detected in 1 out of 7 mice (14.3%) at one week 

after surgery; in 8 out of 13 mice (62% of the mice) at four weeks after surgery; in 7 

out of 11 mice (64% of the mice) at eight weeks after surgery and in 5 out of 11 mice 

(45% of the mice) twelve weeks after surgery (Figure 13 A, B). S. pneumoniae could 

be detected in 4 out of 4 mice (100% of the mice) at one week after surgery; in 3 out 

of 9 mice (33% of the mice) at four weeks after surgery; in 4 out of 9 mice (44% of 

the mice) at eight weeks after surgery and in 4 out of 10 mice (40% of the mice) at 

twelve weeks after surgery (Figure 13 A, B). P. aeruginosa could be detected in 4 

out of 4 mice (100% of the mice) at one week after surgery; in 6 out of 12 mice (50% 

of the mice) at four weeks after surgery; in 5 out of 11 mice (45% of the mice) at 

eight weeks after surgery and in 3 out of 10 mice (30% of the mice) at twelve weeks 

after surgery (Figure 13 A, B). Cultures from mice inoculated with saline only 

exhibited classical nasal commensals (Figure 13 B). 

 

S. aureus and P. aeruginosa could also be detected in the nasal tampon of the 

inoculated mice by IHC up to twelve weeks after surgery (Figure 19 B). These 

bacteria could also be shown in the maxillary sinuses but much less abundant in the 

mucosa and not later than four weeks (Figure 13 C). The histological presence of S. 

pneumoniae could not be assessed. No cross-contamination was found among the 

three bacterial groups.  
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Figure 13. Bacterial cultures from NL at four, eight and twelve weeks after surgical 

inoculation. 

Bacterial count is expressed as CFU/ml. The initial inoculation refers to the bacterial solution 

with which the nasal tampon was inoculated during the surgical procedure. (A) S. aureus 

count (left), S. pneumoniae count (middle) and P. aeruginosa count (right). (B) 

Representative pictures of the bacterial cultures obtained 24 hours after euthanasia and 

sampling. (C) Representative pictures of the specific staining for S. aureus and P. aeruginosa 

four weeks after surgery. Graphs depict median ± Interquartile range (IQR). n= 4-13 

mice/group.
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4.3. S. aureus and P. aeruginosa induce a more robust neutrophilic 

sinus inflammation than S. pneumoniae 

The sinus epithelium of mice with experimental S. aureus-induced CRS was 

significantly hyperplastic at one week (median of 16.75 μm vs control mice with 

median of 13.25 μm, p<0.05), four weeks (median of 15.92 μm vs control mice 

with median of 11.96 μm, p<0.0001), eight weeks (median of 15.50 μm vs control 

mice with median of 13.17 μm, p<0.01) and twelve weeks (median of 14.33 μm vs 

control mice with median of 12.13 μm, p<0.01) after surgery as measured by 

epithelial thickness (Figure 14 A, C). For mice with P. aeruginosa-induced CRS, 

the sinus epithelium was significantly hyperplastic compared to controls at one 

week (median of 19.13 μm, p<0.01), four weeks (median of 14.83 μm, p<0.01), 

eight weeks (median of 15.75 μm, p<0.001) and twelve weeks (median of 14.71 

μm, p<0.001) after surgery (Figure 14 A, C).  The sinus epithelium of mice with 

experimental S. pneumoniae-induced CRS was significantly thicker at four weeks 

(median of 13.5 μm, p<0.01) and twelve weeks (median of 14.54 μm, p<0.01) after 

surgery (Figure 14 A, C).  

 

Additionally, subepithelial fibrosis, as measured by collagen deposition, was 

significantly higher in mice inoculated with S. aureus and P. aeruginosa at twelve 

weeks post-surgery (median of 9.55% CPA, p<0.05, for S. aureus and 8.50% CPA, 

p<0.05, for P. aeruginosa compared to control mice, with median 2.60% CPA) 

with a trend already visible after four weeks in the P. aeruginosa group (median of 

5.83, p= 0.06, compared to control mice with median of 2.85% CPA; Figure 14 B, 

D).
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Figure 14. Histological changes in a mouse model of bacterial-induced nCRS. 

 (A) Epithelial thickness measurements on H&E staining. Graph depicts median (±IQR) of 

24 measurements per mouse performed by using Cytomine 156. (B) Graph depicts median 

(±IQR) of 6 measurements per mouse performed by using Qupath 155. (C) Subepithelial 

collagen deposition, Sirius Red staining. Graph depicts median (±IQR) of 6 measurements 

per mouse performed by using ImageJ (24). Kruskal-Wallis with Dunn’s post-hoc control test 

for comparing multiple groups: §p<0.1; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 

compared to the control group of the same time point. n= 4-13 mice/group for epithelial 

thickness; 3-5 mice/group for fibrosis quantification. Scale bar= 20 μm. 

 

Total inflammatory cells in cytospins of the NL of mice inoculated with S. aureus 

were increased at four weeks (median of 8937 cells/ml compared to control mice 

with median of 3211 cells/ml, p=0.06) and especially at twelve weeks (median of 

14452 cells/ml compared to saline treated mice with median of 1161 cells/ml, 

p<0.01) after surgery (Figure 15 A). The number of neutrophils in NL was increased 

at four weeks (median of 11675 neutrophils/ml, compared to control mice with 
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median of 1170 neutrophils/ml, p<0,01) and twelve weeks (median of 12212 

neutrophils/ml, compared to control mice with median of 592 neutrophils/ml, 

p<0.001) after surgery (Figure 15 B). The number of eosinophils (Figure 15 C), 

macrophages (Figure 15 D) and lymphocytes (Figure 15 E) did not differ among 

groups at any of the studied time points. 

 

In mice inoculated with P. aeruginosa, total inflammatory cells were significantly 

higher at twelve weeks (median of 9059 cells/ml, compared to control mice with 

median of 1161 cells/ml p<0.001) after surgery (Figure 15 A). The number of 

neutrophils in NL was significantly increased at four weeks (median of 8002 

neutrophils/ml, p<0.05) and at twelve weeks (median of 8498 neutrophils/ml, 

p<0.001) after surgery (Figure 15 B). The number of eosinophils (Figure 15 C) and 

macrophages (Figure 15 D) did not differ among groups at any of the studied time 

points. The number of lymphocytes was significantly higher at one week (median of 

500.7 lymphocytes/ml, compared to control mice with median of 16 lymphocytes/ml 

p<0.01) after surgery and at eight weeks (median of 115.8 lymphocytes/ml, 

compared to control mice with median of 28.95 lymphocytes/ml p<0.05) after 

surgery (Figure 15 E). 

 

S. pneumoniae also induced a significant increase in total inflammatory cells at 

twelve weeks (median of 3431 cells/ml, compared to control mice with median of 

1161 cells/ml, p<0.05) after surgery (Figure 15 A), with most of them being 

neutrophils (median of 2714 neutrophils/ml, compared to control mice with median 

of 592 neutrophils/ml, p<0.05 Figure 15 B, C). The number of eosinophils (Figure 

15 C), macrophages (Figure 15 D) and lymphocytes (Figure 15 E) did not differ 

among groups at any of the studied time points. 
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Figure 15. Inflammatory cell count in NL cytospins of a mouse model of bacterial-

induced nCRS. 

(A) Total inflammatory cells/ml. (B) Neutrophils/ml. (C) Eosinophils/ml. (D) 

Macrophages/ml. (E) Lymphocytes/ml. Graphs depict median (±IQR). Countings were 

performed by using Cytomine 156. Kruskal-Wallis with Dunn’s post-hoc control test for 

comparing multiple groups: §p<0.1; *p<0.05; **p<0.01; ***p<0.0001 compared to the 

control group of the same time point.  n= 4-13 mice/group. 





153 

An overview of representative images of the cytospins of the NL per group can be 

found in Figure 16 A. 

 

Figure 16. Neutrophils in cytospins and infiltration at the maxillary sinuses of a mouse 

model of bacterial-induced nCRS. 

 (A) Overview of the cytospins per group. (B) Histological sub- and intra-epithelial 

neutrophilic infiltration, Ly6G staining. (C) Ly6G staining quantification in tissue. Graph 

depicts median (±IQR) of 6 measurements per mouse performed by using Qupath 155. Kruskal 

-Wallis with Dunn’s post-hoc control test for comparing multiple groups: *p<0.05; **p<0.01; 

***p<0.0001 compared to the control group of the same time point.  n= 4-13 mice/group. 
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At the tissue level of the maxillary sinuses, this neutrophilic inflammation was 

confirmed by a significant epithelial neutrophilic influx in mice inoculated with S. 

aureus at one week (median of 0.42% Ly6G positive stained area, compared to 

control mice with median of 0.07% Ly6G positive stained area, p<0.05), four weeks 

(median of 0.26% Ly6G positive stained area, compared to control mice with median 

of 0.024% Ly6G positive stained area, p<0.001) and eight weeks (median of and 

0.34% Ly6G positive stained area, compared to control mice with median of 0.052% 

Ly6G positive stained area, p<0.01) after surgery (Figure 16 D, E). The same was 

true for mice inoculated with P. aeruginosa with an epithelial neutrophilic influx at 

one week (median of 0.52% Ly6G positive stained area, p<0.01), four weeks 

(median of 0.35% Ly6G positive stained area, p<0.01) and eight weeks (median of 

0.27% Ly6G positive stained area, p<0.05) after surgery (Figure 16 D, E). 

Neutrophilic tissue influx reduced slightly at the twelve weeks endpoint for both 

bacterial strains. In mice inoculated with S. pneumoniae, we found a significant 

neutrophilic infiltration at one week (median of 0.6% Ly6G positive stained area, 

p<0.01) and at eight weeks (median of 0.25% Ly6G positive stained area, p<0.05) 

after surgery (Figure 16 D, E).  

 

 

4.4. Inoculation with S. aureus and P. aeruginosa leads to 

increased nasal pro-inflammatory cytokine production 

To explain the neutrophilic influx, several canonical non-T2 related cytokines were 

measured in the NL and evaluated with the Mann-Whitney test (Figure 17, blue stars) 

in addition to Kruskal-Wallis statistical test (Figure 17, black stars).  

 

The Th1 pro-inflammatory cytokine IL-1β was significantly increased in mice 

inoculated with S. aureus at four weeks (median of 15.76 pg/ml, compared to control 

mice with median of 2.963 pg/ml, p<0.05) after surgery. Also, a trend to persistent 
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increase at twelve weeks (median of 15.36 pg/ml, compared to control mice with 

median of 7.879 pg/ml, p= 0.052) after surgery was observed (Figure 17 A).  

IL-1β was also significantly increased in mice inoculated with P. aeruginosa at four 

weeks (median of 15.44 pg/ml, p<0.05), eight weeks (median of 12.67 pg/ml, 

compared to control mice with median of 3.484 pg/ml, p<0.05), and twelve weeks 

(median of 21.49 pg/ml, p<0.05) after surgery (Figure 17 A).  

 

We found significantly increased IL-1β production in the group of mice inoculated 

with S. pneumoniae with the Mann-Whitney statistical test, at four weeks (median 

of 9.788 pg/ml, p<0.05) after surgery (Figure 17 A). 

The pro-inflammatory cytokine tumor necrosis factor alpha (TNF-α), was 

significantly increased in mice inoculated with S. aureus at four weeks (median of 

7.648 pg/ml, compared to control mice with median of 2.051 pg/ml, p<0.05) after 

surgery (Figure 17 B). 

 

Although we could not detect the canonical Th1-related cytokine IFN-γ in our 

samples because of high dilution in NL, we did detect changes in IP-10 (CXCL10), 

a chemokine secreted in response to IFN-γ. Significantly increased IP-10 production 

by mice inoculated with S. aureus was found at twelve weeks (median of 2.31 pg/ml, 

compared to control mice with median of 0.33 pg/ml, p<0.05) after surgery (Figure 

17 C). A trend to increased IP-10 production in these mice could be observed at eight 

weeks (median of 12.17 pg/ml, compared to control mice with median of 1.19 pg/ml, 

p=0.06) after surgery (Figure 17 C). 

A significant increased production of IP-10 was found in mice inoculated with P. 

aeruginosa at eight weeks (median of 8.32 pg/ml, compared to control mice with 

median of 1.19 pg/ml, p<0.05) after surgery (Figure 17 C). 

 

MIP-2, an activator of neutrophils, was significantly increased in mice inoculated 

with S. aureus at four weeks (median of 67.96 pg/ml, compared to control mice 
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with median of 29.18 pg/ml, p<0.05), and twelve weeks (median of 119.9 pg/ml, 

compared to control mice with median of 45.05 pg/ml, p<0.05) after surgery 

(Figure 17 D). A trend to increased MIP-2 was observed in these mice at eight 

weeks (median of 43.38 pg/ml, compared to control mice with median of 21.02 

pg/ml, p=0.09) after surgery (Figure 17 D). 

 

When focusing on other neutrophilic chemokines, we found a trend towards IL-

17A/F increase in mice inoculated with S. aureus at eight weeks (median of 0.3 

pg/ml, compared to control mice with median  0 pg/ml, p= 0.06) and twelve weeks 

(median of 0.48 pg/ml, compared to control mice with median of 0 pg/ml, p=0.01) 

after surgery (Figure 17 E).  

Mice inoculated with S. pneumoniae also showed a trend to increased IL-17A/F 

production at eight weeks (median of 0.32 pg/ml, compared to control mice with 

median of 0 pg/ml, p=0.09) after surgery (Figure 17 E). 

 

We did not find significant variations in the levels of KC/GRO (CXCL1) in any 

of the experimental groups at any of the time points studied (Figure 17 F).  

 

Other cytokines that were tested, such as IFN-γ, IL-12p70, IL-33 or IL-2, were 

not consistently upregulated upon bacterial inoculation, as their levels were 

mostly below the LLD in our NL samples (data not shown). 
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Figure 17. Cytokines and chemokines measurement by using MSDTM V-PLEX 

technology in the NL of a mouse model of bacterial-induced nCRS. 

 (A) IL-1β, LLD= 0.081 pg/ml. (B) TNF-α, LLD= 0.08 pg/ml. (C) IP-10, LLD= 0.1 pg/ml. 

(D) MIP-2, LLD= 0.06 pg/ml. (E) IL-17A/F, LLD= 0.1 pg/ml. (F) KC/GRO, LLD= 0.18 

pg/ml. Graphs depict median (±IQR). Kruskall Wallis with Dunn’s post-hoc control test for 

comparing multiple groups, in black *p<0.05; compared to the control group of the same 

time point.  Because of low numbers of samples reaching the detection limit, Mann-Whitney 

U test was used, in blue, for comparing the inoculated mice and control mice at the 

corresponding time points: §p<0.1; *p<0.05. n= 3-13 mice/group. 
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5. Discussion 

The current chapter describes the optimization and validation of a robust mouse 

model of bacterial-induced neutrophilic CRS that allows us to further study disease 

mechanisms (in an acute and a chronic form). This model is based on the 

combination of the introduction of a bacterial source in the nasal cavity with the 

obstruction of the sinus outflow tract. We were able to consistently induce general 

inflammatory features as well as a sinonasal neutrophilic influx, that remained 

present up to 12 weeks after inoculation. S. aureus and P. aeruginosa have proven 

to be more potent inducers of persistent local neutrophilic inflammation than S. 

pneumoniae. This model might serve as a tool to study disease mechanisms of non-

eosinophilic CRS, which remains currently a major research gap.   

 

CRS is a frequent chronic airway disease with a high disease burden and socio-

economic impact. Despite non-eosinophilic CRS being the more frequent endotype, 

especially in Asia, very little research has been dedicated to this subtype and targeted 

treatments are currently unfortunately lacking. Mechanical obstruction caused by 

anatomical abnormalities or mucosal oedema and bacterial infection/colonization in 

biofilms have been postulated as potential drivers of the disease 25,26, but studies 

confirming these hypotheses are still lacking. A validated mouse model that mimics 

the human situation would be helpful in studying the disease but is currently not 

available. 

In the past decades, researchers have experimented with animal models involving 

bacterial inoculation to find a reproducible model for neutrophilic CRS. In 2001, 

Jacob published a method previously tested in rabbits, in which a nasal tampon was 

surgically introduced in the nasal cavity of mice, soaked with Bacteroides fragilis. 

Authors observed a neutrophilic inflammation of the nasal septum and lateral wall 

of the nasal fossa four weeks after the introduction of the infected tampon 18. A few 
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years later, another group used this model to compare it to eosinophilic CRS in mice. 

They prolonged the model to twelve weeks and used S. pneumoniae as a bacterial 

source 27. Although these two previous publications showed very promising findings, 

they lacked essential information on methodological issues and outcomes, and no 

further publications followed using this model. Because of our interest in 

neutrophilic CRS pathophysiology, we decided to optimize this surgical protocol and 

test different bacteria and time points.  

Human neutrophilic CRS is histologically characterized by epithelial hyperplasia, 

fibrosis, and mucosal influx of neutrophils 28. In our mice inoculated with S. aureus 

and P. aeruginosa., we were able to detect these features. The predominant 

neutrophilic infiltration and tissue remodeling (thickened epithelium and fibrosis) 

found in these mice resemble the neutrophil-driven inflammation and fibrosis seen 

in non-eosinophilic CRS in humans 12, where this inflammation is linked to general 

pro-inflammatory cytokines as well as canonical Type 1 and/or Type 3 mediators 

28,29. In our mouse model, we could find a clear increase in levels of IL-1β, with 

trends towards increases in TNF-α, neutrophil activator MIP-2, Type 1 chemokine 

IP-10, which is secreted in response to IFN-γ 30, and type 3 cytokine IL-17A/F, 

mostly in mice inoculated with S. aureus. The fact that these trends often did not 

reach significance using ANOVA tests can be explained by the fact that we used a 

final volume of 1ml of saline for our NL, which led to an important dilution of nasal 

mediators that were often below detection limit (such as the typical Th1 cytokine 

IFN-γ). We therefore recommend using smaller NL volumes in case of specific study 

of local cytokines. 

 

During our pilot experiments, we determined the ideal location of the nasal tampon 

to avoid respiratory distress but induce sinus inflammation. The nasal tampon should 

be very precisely located at the beginning of the opening of the maxillary sinuses, 

otherwise, as a very localized infiltration, neutrophils would not reach these sinuses. 
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The previous papers using this technique did not reported on this matter, which was, 

in our hands, crucial for the neutrophilic influx to reach the targeted maxillary 

sinuses. They also mention the inoculation of 50 μl of the bacterial solution, 

although, in our hands, no more than 12 μl could be used for inoculation of the nasal 

tampon without causing severe bronchial inhalation and overflowing of the eyes and 

snout by the infectious solution. Although the initial study from Jacob and company 

shows several pictures of the epithelial inflammation, they included the mucosa of 

the nasal septum and superior turbinelle, which are just adjacent to the inserted 

tampon. 

The strength of this paper lies in the fact that we provide guidance for a reproducible 

mouse model of neutrophilic CRS. The surgical method has been described in depth 

and published in protocols.io, dx.doi.org/10.17504/protocols.io.rm7vzxwzxgx1/v2, 

and can be found as supplementary file within this article. In our hands, one of the 

most challenging parts of the protocol was to find the ideal positioning of the nasal 

tampon within the nasal cavity to induce local inflammation with the lowest 

mortality. This was obtained by removing the upper part of the septum and 

positioning the tampon in the upper and middle meatus of both nasal cavities, leaving 

enough space for nasal breathing. In this paper we also use a standardized way to 

evaluate sinus inflammation, focusing on 3 fixed regions of the maxillary sinuses. 

We chose maxillary sinuses, because they are located at a significant distance of the 

nasal tampon compared to the ethmoidal sinuses, to avoid neutrophil influx due to 

the presence of a foreign object. Thirdly, to our knowledge, we are the first to 

describe the use of cytospins derived from NL, which proved to be a valuable tool 

to quantify sinonasal (neutrophilic) inflammation. Finally, we compared the effects 

of three different bacteria that are relevant in upper airway disease, at three different 

time points to come up with the most appropriate model.  
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We chose S. aureus because, despite its well-known production of superantigens 

eliciting a T2 IgE mediated inflammatory response, its presence has also been linked 

to the enhancement of non-T2 pathways involving type 1 and 3 mediators 11. S. 

pneumoniae was chosen because of its frequent link with acute rhinosinusitis 31. P. 

aeruginosa is a bacterium with a high pathogenic potential, which can be detected 

in the microbiome of certain severe CRS patients and more frequently in those 

suffering from Cystic Fibrosis (CF), characterized by a non-T2 sinonasal 

inflammation 32.  We found that both S. aureus and P. aeruginosa were the most 

potent inducers of local inflammation in comparison to S. pneumoniae. This might 

be linked to the fact that S. pneumoniae was more easily cleared from the nasal 

cavities by mice. Another explanation might be that S. aureus and P. aeruginosa 

have both biofilm-forming capacities 33,34 which are more structurally complex, more 

resistant to immune responses, as well as more adaptable to various environments 

compared to those from S. pneumoniae 33–36. Our findings, therefore, suggest that 

this persistent sinonasal presence of bacteria with pathogenic capacity can be the 

driver for a long-lasting neutrophilic inflammation. We believe that this bacterial 

presence is more important than the mechanical obstruction of the sinus outflow 

tracts, since we also detected inflammatory changes in the sinuses that were not fully 

blocked and for which drainage pathway was still functional (data not shown). Of 

note, mice that were inoculated with P. aeruginosa showed a prolonged and more 

complicated postoperative healing process, with bony overgrowth at the level of the 

drilling. This was also reflected in a higher mortality rate, as was the case for S. 

pneumoniae as well, compared to S. aureus. So, although P. aeruginosa could be 

used to study more severe exacerbations of the disease and wound healing processes, 

we suggest using S. aureus as the preferred pathogen in this mouse model. 
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Our findings suggest that this mouse model mimics human non-eosinophilic CRS 

and can be used to study the mechanisms driving inflammation and tissue damage 

observed in human neutrophilic CRS. New insights in the pathophysiology of non-

eosinophilic CRS may allow the identification of biomarkers and even new 

therapeutic targets. In a second step this model could then be used to test the efficacy 

of existing and novel treatments for this condition. Finally, the model can serve to 

study the various effects of different bacterial species on the sinus mucosa. We 

believe that it can lead to a further and deeper understanding of this currently 

underexplored disease, allowing us to find novel treatment strategies for these 

patients that are now often left in the cold.  
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Preface  

 

Building on the experimental murine models developed in Chapter II and Chapter 

III, Chapter IV aims to bridge preclinical research with clinical reality by 

incorporating human biopsy samples and patient-derived bacterial isolates. 

To further investigate the role of s-IgA in CRS, we applied our established models 

to genetically modified mice lacking s-IgA, enabling direct assessment of its impact 

on the development of T2 and non-T2 sinonasal inflammation. 

This chapter also introduces the application of IgA-SEQ technology to the study of 

CRS, being the first time this technique has been employed in the context of upper 

airway disease, allowing the identification of bacterial populations selectively coated 

by mucosal IgA. Although innovative, this approach also presented specific 

limitations related to the low biomass of sinonasal samples, which are discussed 

alongside the findings. 

Altogether, Chapter IV provides a comprehensive and translational analysis of how 

s-IgA may shape host-microbiota interactions and inflammation in CRS. 
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1. Abstract 

Background: Chronic rhinosinusitis (CRS) is a highly prevalent chronic 

inflammatory disease leading to a significant global health burden. Most of the 

studies investigating the role of humoral immune responses in CRS have focused on 

IgE, however, very little is known about the role of IgA, the most abundant antibody 

in nasal secretions.  

Objective: Since IgA deficiencies are frequently seen in patients with CRS and 

evidence suggests deficits in IgA biology in CRS, we aimed to study the role and 

impact of this antibody in CRS. 

Methods: Sinus biopsies and nasal secretions were collected from patients with CRS 

and healthy controls for histological analysis and ELISA. To assess the impact of 

secretory IgA (s-IgA) in the development of CRS in vivo, we used pIgR-deficient 

mice, inherently lacking s-IgA, in mouse models of T2 and non-T2 CRS. 

Inflammatory features were determined in nasal lavage (NL) fluid and in the 

maxillary sinus tissue. To study the interaction of human IgA with the sinonasal 

microbiome, nasal bacteria were harvested from patients with CRS and healthy 

controls, and sorted based on their IgA-coating. The DANN from the IgA-coated 

and -uncoated microbial fractions was extracted and the differente microbial 

communities were analyzed by MiSeq Illumina amplicon sequencing of the V4 

region of the 16S rRNA gene (IgA-SEQ). 

Results: Reduced pIgR and IgA expression was observed in tissue and was 

translated into decreased levels of total s-IgA1 in secretions, but not total s-IgA. In 

vivo, the absence of s-IgA attenuates inflammation in mice with experimental T2 

CRS and increases the severity of inflammation in mice with bacterial-induced non-

T2 CRS. IgA-SEQ technology revealed differences in microbial diversity among the 

IgA-coated baceria between patients with CRS and controls. It also showed several 

taxa being differently coated in patients with CRS than in controls. 

 

Conclusions: Our findings suggests that not only quantitative levels of IgA, but 

also qualitative functional aspects of s-IgA might contribute to CRS 

pathophysiology, especially in non-T2 CRS. 
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2. Introduction 

CRS is among the most frequent respiratory diseases in the world, with a 

prevalence of around 11% 1. CRS is characterized by a persistent mucosal 

inflammation of the nasal and paranasal sinuses, leading to the typical 

symptoms of nasal discharge/congestion, facial pressure, impaired smell, 

headache, fatigue or cough. It can severely impact the quality of life of 

patients and is linked to an important cost for society 2, resulting in an 

important global health burden 3. In the most recent guidelines, CRS is mainly 

classified by two main inflammatory profiles: T1 and non-T2 4. In western 

countries, patients with a T2 inflammatory profile often present with NP 

formation with activated eosinophils and increased levels of IgE, IL-4, IL-5 

and IL-13 and are addressed as CRSwNP. In patients with a non-T2 

inflammatory profile, associated with Th1/Th17/Th22 responses 4–6, 

increased levels of IFNg and activated neutrophils are found and often no NP 

are visualized in the nasal cavities. This is addressed as CRSsNP 4,7.  

The nasal mucosa, along with its immune system, serves as the body’s first line of 

defense in the airways against inhaled particles and agents. A key mechanism for 

mucosal tissues defense is the humoral mucosal immunity, including the production 

of s-IgA 8. IgA is the most abundant antibody in human secretions and its main 

known functions are exerted at the mucosal level under the form of s-IgA 8. Briefly, 

plasma cells from the lamina propria secrete IgA in the form of two subtypes: IgA1 

and IgA2. Dimeric IgA can bind to the pIgR at the basolateral site of the nasal 

epithelium that transcytoses IgA towards the mucosal lumen. In the apical site of the 

epithelium IgA is then released bound to the extracellular component of the pIgR, 

SC, which is then addressed as s-IgA 9. The main functions exerted by s-IgA are 

immune exclusion; entrapment and neutralization of different pathogens 10; 
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regulation of immune responses 10–12; minimization of inflammatory responses by 

avoiding complement activation 13 and interaction with the nasal microbiome, 

promoting the retention of beneficial microbes and reducing colonization by harmful 

bacteria 13–15.  Although IgA is the most abundant antibody in nasal secretions, 

very little attention has gone to its role in the development of CRS. Most of the 

knowledge about the role of s-IgA in the nasal mucosa comes from individuals with 

SIgAD presenting with more recurrent allergy, respiratory infections and CRS 14–

17.   

Several studies have examined the production of IgA in patients with CRS 18. While 

serum IgA levels show no significant differences between patients with CRS and 

controls 19,20, Lal et al. reported increased specific IgA responses to microbial 

proteins, particularly against Staphylococcus aureus, human metapneumovirus, and 

herpesviruses 4 and 5 21. Locally, patients with CRS exhibit higher IgA levels in 

sinus tissue 22–26 with increased IgA+ plasma cells in CRSwNP 22–24. Two studies 

report an overexpression of BAFF 24,27, a key IgA class-switching factor, which may 

further support enhanced local IgA production in T2 inflamed polyp tissue 28. 

Another study suggests potential conversion of bacterial antigen-specific IgA to IgE 

in a Th2 environment 29, though further research is needed to confirm its relevance. 

Findings on s-IgA levels in nasal secretions are inconsistent. Most of the studies 

investigating IgA levels in CRS did not characterize the specificity of IgA in these 

patients. One study found elevated mucosal levels of autoreactive IgA to nuclear 

antigens, including double stranded DNA and basement membrane components that 

might contribute to the disease mechanism 30. Tsybikov et al. reported increased s-

IgA in CRSwNP patients 31, while Hupin et al. found no significant differences, 

attributing this to IgA accumulation in subepithelial tissue rather than secretion 25. 

This may be due to reduced pIgR expression, limiting IgA transport across the 

epithelium. Although overall s-IgA levels were unchanged, antigen-specific IgA 

against SEB, a key Th2 inflammation driver, was reduced 25. The role of S. aureus 

in the development of CRS is quite well studied, but the impact of the rest of the 
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nasal microbiome remains quite illusive. Several studies have shown that patients 

with CRS exhibit nasal microbiome dysbiosis, characterized by altered bacterial 

diversity 32 and overrepresentation of certain pathogenic bacteria, including 

Staphylococcus aureus and Pseudomonas aeruginosa. Concurrently, beneficial 

bacteria such as Corynebacterium accolens and Dolosigranulum, which may support 

immune tolerance, are often depleted in these individuals 33. This microbiome 

dysbiosis is thought to disrupt the epithelial barrier, allowing allergens and 

pathogens to provoke an excessive immune response 34–36. Apart from that, only two 

studies have specifically studied the tissue expression level of pIgR in patients with 

CRswNP, which are reduced compared to healthy controls 25,26. 

The role of s-IgA in shaping the microbiome has mostly been studied in the intestinal 

mucosa 37–41. S-IgA plays a crucial role in gut homeostasis by preventing pathogen 

adhesion, neutralizing toxins, and shaping the microbiota. It promotes the retention 

of beneficial bacteria while preventing dysbiosis, partially through its polyreactivity 

and ability to modulate bacterial gene expression. SIgAD has been linked to 

microbiota alterations in the gut, highlighting its role in maintaining a balanced 

microbial ecosystem 40,42. However, hardly anything is known about the role s-IgA 

plays on the respiratory microbiome.  

In this chapter, we aimed at investigating the role of the pIgR/IgA system in CRS by 

combining both human biopsies and nasal secretions and the established mouse 

models of CRS described in Chapter II and Chapter III. We also studied the s-IgA 

coating levels of the different members of the nasal microbiome to find functional 

differences in s-IgA between patients with CRS and controls. In the context of CRS, 

understanding the role of the IgA system, necessary for mucosal defense, is crucial 

in elucidating the mechanisms of both immune and microbiome dysregulation and 

determining potential therapeutic targets for this frequent disease. 
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3. Methodology 

3.1. Human analysis 

 

3.1.1. Subjects and sampling 

Tissue from the ethmoidal sinuses as well as nasal secretions were obtained from 61 

patients with CRS (28 CRSsNP and 33 CRSwNP), with CRS following EPOS 

criteria 4, undergoing functional endoscopic sinus surgery for their disease. 

Ethmoidal tissue was also obtained from 21 healthy subjects undergoing surgery for 

lacrimal duct, skull base lesions or sphenopalatine clipping. Exclusion criteria were 

patients younger than 18 years old; use of systemic steroids for four weeks prior to 

surgery; any concomitant neoplastic process; patients suffering from systemic 

disease such as sarcoid, vasculitis or SLE; patients suffering from ciliary disease 

such as primary ciliary dyskinesia or cystic fibrosis; patients with unilateral disease; 

patients with incapacity to fill out forms in French/Dutch/English. Patients’ 

characteristics are shown in Table 4 A. Tissue was washed, fixed in formol and 

paraffinized according to standard procedures. Nasal secretions were collected 

following a standardized method 43,44; briefly, a pre-weighed nasal tampon was 

placed in each nostril prior to surgery for 5 minutes. Then, after weighing the nasal 

tampon, it was washed with 3ml of saline and centrifuged at 450g for 10 minutes at 

4ºC. Supernatants were stored at -20ºC for further processing. 

For the IgA-SEQ experiments, 4 microbial E-Swabs (Copan Diagnostics) were taken 

from both the anterior nares and middle meatus from 41 patients with CRS (21 

CRSsNP and 20 CRSwNP) and 29 healthy controls from the recruited patients 

mentioned above, with the additional exclusion criteria of use of oral antibiotics 4 

weeks prior to sample harvesting. Patients’ characteristics are shown in Table 4 B. 

Three swabs were placed in saline solution for further processing and one swab was 

directly placed in the lysis solution from the DNA extraction kit (QIAamp 

PowerFecal Pro DNA Kit, Qiagen). The three swabs were stirred in saline solution 
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and filtered through 70 µm and 40 µm filters to remove big particles. A 

centrifugation was performed at 300g for 5 minutes at 4ºC to separate human cells 

and the supernatant with the bacteria was again centrifuged at 8000g for 10 minutes 

at 4ºC. The supernatant was collected for further processing.  

All patients provided signed informed consent for the study protocol, which was 

approved by the local clinical Ethical committee with reference 2018/01OCT/361 

with an approved amendment for nasal swabbing in 2021. 

 

3.1.2. Sinus tissue immunohistochemistry for pIgR and IgA 

4-µm paraffin sections were deparaffinized in toluene and rehydrated through 

graded series from methanol to distilled water and sections underwent antigen 

retrieval. Endogenous peroxidase, biotin, and streptavidin sites were inactivated 

by hydrogen peroxide, biotin, and avidin solutions or Bloxall (Vector 

Laboratories, Inc., USA), as appropriate. Non-specific protein binding sites were 

blocked with 5% bovine serum albumin in tris-buffered saline (TBS) for 1h. As 

human primary antibodies, mouse anti-human IgA (ThermoFisher Scientific), or 

mouse anti-human SC (Santa Cruz) were incubated overnight at 4°C. After 

washing in TBS 0.1% Tween 20, sections were incubated with rabbit anti-mouse 

IgG (Sigma Aldrich) for one hour. Revelation was performed by using 3,3’-

Diaminobenzidine (Sigma-Aldrich). Sections were counterstained with 

Hematoxylin (Sigma-Aldrich) and coverslipped. Slides were scanned using a 

Pannoramic scan II (3DHistech). Quantification was performed by using QuPath 

50 and expressed as percentage of positive area.



181 

3.2.   Mouse models of eosinophilic and neutrophilic CRS 

 

3.2.1. Mouse model of eCRS 

The model was performed as previously described in Chapter II 45 and an overview 

of the experimental design is shown in Figure 22 A. Briefly, 7-8 week old male pIgR-

/- mice were bred at the host lab (N= 5) based on the publication by Johansen et al. 

46. Also, 7-8 week old C57BL/6NRJ wild-type (WT) mice (N= 5) purchased from 

JanvierLabs were sensitized with an intraperitoneal (i.p.) injection of 25 µg of OVA 

in 2mg of aluminium on days 0 and 7, followed by one week of daily intranasal (i.n.) 

challenges with 6% OVA. These i.n. challenges were continued three times a week 

for one week and then, in addition to i.n. OVA-challenges, a second i.n. challenge 

with SEB was co-administered for eight weeks. Mice were sacrificed after twelve 

weeks to evaluate inflammatory features. 

 

3.2.2. Mouse model of nCRS 

The model was performed as described in Chapter III. An overview of the 

experimental design is shown in Figure 23 A. Briefly, 7-8 week old pIgR-/- mice bred 

at the host lab based on the publication by Johansen et al. 46, and 7-8 week old 

C57BL/6NRJ WT mice purchased from JanvierLabs underwent micro-surgery to 

introduce a tampon in the nasal cavity. Then the tampon was inoculated with either 

S. aureus (LenticulesTM Sigma-Aldrich, CRM06571M); pIgR-/- mice, N= 12; WT 

mice, N= 7) or P. aeruginosa (Sigma-Aldrich, VT000256, pIgR-/- mice, N= 13; WT 

mice, N= 8). The skin flaps were then sutured and the mice were left to recover. To 

overcome any postoperative pain, mice received analgesia every 12 hours for 24 

hours after the procedure. Mice were sacrificed after four weeks to evaluate 

inflammatory features. 
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All animal experiments were performed in compliance with the ethical committee 

guidelines and approved under reference code 2018/UCL/MD/42 (eosinophilic 

model) and 2021/UCL/MD/017 (neutrophilic model). If mice reached a score of non-

well-being, mainly observed with respiratory distress, or lost more than 20% of their 

body weight, they were euthanized according to humane endpoints. 

 

3.2.3. Sacrifice and sampling 

After completion of the models, mice were euthanized by i.p. injection of 

pentobarbital (200mg/kg). Blood was drawn for the inferior cava vein and serum was 

collected by centrifugation for 10 minutes at 650g and stored at -20ºC. Then, a 

tracheotomy was performed to carry out the NL via inserting a 22G cannula 

(VersatusTM I.V Catheter) towards the choanae. 1 ml of saline solution (NaCl 0.9%) 

was softly flushed, recovering and washing every 200 μl in the syringe, through the 

catheter and recovered at the nostrils. Skulls were harvested by decapitation and skin, 

soft tissues and the inferior mandibula were removed. They were fixed in 

formaldehyde 4% and decalcified in OsteoralTM (RAL Diagnostics) for 5 days. 

After decalcification, the snout and brain were removed to keep the region of interest 

containing the paranasal sinuses. The decalcified skulls were dehydrated and treated 

according to standard paraffin-embedding procedures. Paraffinized skulls and lungs 

were cut into 4-µm sections with a semi-automated microtome (ThermoFisher 

Scientific). 

 

3.2.4. Cytospins of murine NL 

In the case of the nCRS model, the NL was centrifuged for 5 minutes at 450g and 

4ºC to separate the cell pellet. Cells were resuspended in 100 microliters PBS and 

loaded into a Thermo Shandon Cytospin Centrifuge following manufacturer's 

instructions and centrifuged at 500 revolutions per minute (rpm) for 5 minutes. 
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Cytospins were stained by using the Kwik-DiffTM kit (Thermo Fisher Scientific). 

Total inflammatory cells and total neutrophils were manually counted in cytospins 

by using Qupath 47. 

 

3.3. Histopathologic analysis of murine skulls 

4-µm paraffin sections were deparaffinized in toluene and rehydrated through 

graded series from methanol to distilled water and sections underwent antigen 

retrieval. Histological features were consistently analyzed in three regions of each 

maxillary sinus as previously described in Chapters II and III 45. Giemsa staining 

was performed to assess eosinophilic infiltration and quantification was 

performed by using Cytomine 48. Results are presented as median of 6 

measurements/mouse ± interquartile range (IQR). Epithelial thickness was 

measured from basolateral to apical poles using Cytomine 48. Results are 

presented as the median of 24 measurements/mouse ± IQR. 

 

3.4. Immunohistochemistry for and neutrophils 

4-µm paraffin sections of murine skulls were treated and stained as the human 

samples described above. Neutrophilic infiltration was assessed through Ly6G-

specific immunohistochemistry (IHC) using rat anti-mouse Ly6G (BD Bioscience, 

551459) incubated for one hour at room temperature. Revelation was performed by 

using 3,3’-Diaminobenzidine (Sigma-Aldrich). Sections were counterstained with 

Hematoxylin (Sigma-Aldrich) and coverslipped. Slides were scanned using a 

Pannoramic scan II (3DHistech). Quantification was performed by using QuPath 155 

and expressed as percentage of positive area. 
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3.5. ELISA for murine total IgA in nasal secretions and serum 

Murine total IgA levels in NL were determined by ELISA. Goat anti-mouse IgA 

(ThermoFisher, 62-6700) was used as capture antibody, Purified Mouse IgAκ 

Isotype Control was used to create standards (Sigma-Aldrich, M1421) and 

Biotinylated rat anti-mouse IgA (SYnAbs, LO-MA-07) was used for detection. 

Detection limits were 1.5 ng/ml for serum and 4 ng/ml for NL). Serum samples were 

diluted 1:5 in PBS-BSA 1% and NL samples were used undiluted. 

 

3.6. IgA-sequencing 

3.6.1. Preparations of bacterial samples for IgA-SEQ 

The bacterial pellets were resuspended in 1 ml of staining solution (Tryptic Soy 

Broth (BD 211825) 5% diluted in saline solution) and incubated with human anti-

IgA (AF647, SanBio) for 20 minutes at 4ºC. Stained bacteria were washed with 15 

ml of staining solution by centrifuging at 8000g for 10 minutes at 4ºC and 

resuspended in 500 µl of the same solution to be incubated with 0.5 µl SYTO BC 

(Invitrogen, B7277) for 10 minutes. After that, bacteria were stained with a 

fluorescent anti-human IgA, to label pre-deposited s-IgA on them. Then, bacteria 

were then sorted by fluorescence-activated cell sorting (FACS) based on their 

fluorescent signal into cytometry into IgA-positive (IgA+) and IgA-negative (IgA–) 

fractions. The gating strategy for the sorting based on IgA-coating is shown in Figure 

18. During The DNA from the IgA+ and IgA– bacterial fractions, together with the 

DNA from the unsorted swab placed directly in lysis buffer, was extracted with the 

QIAamp PowerFecal Pro DNA Kit (Qiagen) following manufacturer’s instructions. 
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Figure 18. IgA-SEQ gating strategy for bacterial sorting based on IgA-coating. 

Nasal bacteria stained with mouse anti-human IgA (AF). Gating on a population based on 

FSC and SSC characteristics, followed by discrimination of SYTO+ bacteria from 

autofluorescence debris. IgA+ and IgA– bacteria were sorted from SYTO+ events. 

 

3.6.2. Illumina 16S rRNA amplicon IgA-SEQ 

The extracted DNA was used for amplification of the V4 region of the 16S rRNA 

gene, using barcoded forward (515F) and reverse (806R) primers. The primers used 

followed the dual-index paired-end sequencing strategy described in Kozich et al. 49.  

PCR products obtained were visualized on 1.2% agarose gel and purified using the 

Agencouret AMPure XP Magnetic BeadCapture Kit (Beckman Coulter). The 

concentration of the samples was measured using the Qubit 3.0 Fluorometer (Life 

Technologies). Next, a library was prepared by pooling all PCR samples in 

equimolar concentrations. This library was then loaded onto a 0.8M agarose gel and 

purified using the NucleoSpin Gel and PCR clean-up (Macherey-Nagel). The library 

concentration was then measured with the Qubit 3.0 Fluorometer and denatured with 

0.2N NaOH (Illumina), diluted to 6pM and spiked with 10% PhiX control DNA 

(Illumina). Finally, dual-index paired-end sequencing was performed using a MiSeq 

Desktop sequencer (Illumina). All DNA samples, as well as negative controls of both 

PCR (PCR grade water) and the DNA extraction, were included on the sequencing 

run. 
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3.6.3. Processing and quality control of amplicon sequencing data 

Quality control and processing of the amplicon reads was performed using the nf-

core/ampliseq pipeline 50 using the default settings with truncLen=c(140,140). A 

custom taxonomy database based on the Genome Taxonomy Database (GTDB; 51) 

supplemented with mitochondrial and chloroplast 16S RNA sequences from the 

Silva database 52 was used for the classification steps. All downstream data handling 

and visualization was performed using version 1.0.6 of the tidytacos package 53 in R 

version 4.4.1 in coordination with the tidy verse collection of packages. Non-

bacterial ASVs (eg. mitochondria) were discarded and ASVs that had a length 

diverging from the expected 254bp with 6 bp more or less were removed. Then the 

decontam package 54 was used to flag ASVs as contaminants using the frequency 

based and prevalence-based method considering the sample concentrations and 

negative controls respectively, contaminants were then removed from the data. 

Samples with fewer than 1000 reads were dropped from the dataset. 

To monitor potential contamination, especially given the low biomass of our 

samples, we included controls such as saline, staining solution (used for FACS) and 

reagents for DNA extraction and sequencing. These were processed in parallel with 

biological samples. Contaminants were identified using the decontam package, 

which applies both frequency-based (inverse correlation with DNA concentration) 

and prevalence-based (higher abundance in controls) filtering. ASVs flagged by 

either method were removed. Samples with fewer than 1,000 high-quality reads after 

quality control and decontamination were also excluded to ensure reliable bacterial 

profiles. 
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3.6.4. Bioinformatic analysis 

Microbiome profiles, alpha diversity and beta diversity were computed and 

visualized using the aforementioned tidytacos package in R. To assess the degree of 

IgA-binding to specific bacterial taxa, we calculated the IgA Index, also referred to 

as the Kau Score, as previously described 55. This index quantifies the relative 

enrichment of a bacterial taxon in the IgA-bound fraction compared to the IgA-

unbound fraction, providing a standardized measure of IgA targeting within the gut 

microbiota. Positive Kau score values indicate preferential IgA recognition, while 

negative or near-zero values suggest minimal or no IgA binding. Kau scores were 

calculated using version 0.1.2 of the IgAScores R package 55. 

 

3.7. Statistical analysis 

Analyses were performed with GraphPad Prism version 8.0.0 (GraphPad 

Software, San Diego). Statistical differences between multiple experimental 

groups, comparing disease groups to the corresponding control group, were 

evaluated using Kruskal-Wallis test with Dunn’s post-hoc control test for 

comparing multiple groups. For comparing two groups, Mann-Whitney test was 

used. A value of p<0.05 was considered significant. For human analysis, results 

are presented as mean/group ± standard deviation (SD). For murine analysis, 

results are presented as median/group ± interquartile range (IQR). Microbiome 

and associated statistical analyses were performed in R (version 4.4.1) using the 

tidytacos package. Alpha diversities were represented with observed species and 

the Shannon index. Beta diversities were calculated using the Aitchison distance. 

Beta dissimilarity matrices were partitioned among covariates using the 

PERMANOVA implementation in the adonis2 function from the vegan package 

(v2.6.8). Non-parametric statistical tests were used to compare among the 

unbalanced groups when assessing alpha diversity or Kau scores. All P-values 

were corrected using the BH method and are reported as adjusted P in the case of 

testing multiple features or when performing a multiple pairwise comparison. 
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4. Results 

4.1. Patients’ characteristics 

Table 4 summarizes the demographic and clinical characteristics of the study 

participants, including healthy controls, patients with CRSwNP and patients with 

CRSsNP, across two experimental cohorts: (A) biopsies and nasal secretions and (B) 

IgA-SEQ samples. 

In cohort A, 33 patients with CRSwNP and 28 with CRSsNP were included, along 

with 21 healthy controls. The mean age ranged from 19 to 83 years, with comparable 

sex distribution across groups. SNOT-22 scores indicated a greater symptom burden 

in CRSwNP patients (mean ± SD = 52 ± 20.38) compared to CRSsNP patients (43.70 

± 21.55). Systemic eosinophil counts were elevated in both CRS groups as compared 

to healthy controls. Histological analysis revealed tissue eosinophilia in 19 out of 33 

(58%) patients with CRSwNP and in 25 out of 28 (89%) patients with CRSsNP. In 

contrast, only 2 of 21 healthy controls showed eosinophilic infiltration in their tissue. 

Notably, tissue eosinophilia was more prevalent among patients than in controls. 

In cohort B, similar trends were observed in the subset used for IgA-SEQ analysis. 

Among the sorted samples, tissue eosinophils were detected in 15 of 16 CRSwNP 

patients (94%) and in 11 of 14 CRSsNP patients (79%). Only 1 of 19 healthy controls 

exhibited tissue eosinophilia. 

Asthma was comorbid in a subset of patients, with overall 14 CRSwNP and 10 

CRSsNP individuals reporting a clinical diagnosis of asthma, compared to 3 healthy 

controls. 
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Table 4. Patients’ characteristics. 

 
Abbreviations: n, sample size; F, female; M, male; SD, standard deviation; SNOT, sino-nasal outcome test. 

 

 

4.2. Patients with CRS show reduced epithelial expression of pIgR 

and IgA with reduced secretion of s-IgA1 

pIgR expression was significantly decreased in the epithelial layer of the sinus tissue 

from patients with CRSsNP (p<0.05) and patients with CRSwNP (p<0.05) compared 

to healthy controls (Figure 19 A, C). On the other hand, no significant variations in 

pIgR expression were observed in submucosal glands among groups (Figure 19 B, 

C). Also, IgA expression was significantly reduced in the epithelial layer of sinus 

biopsies from patients with CRSwNP (p<0,05) (Figure 19 D, J) compared to healthy 

subjects. Submucosal IgA accumulation was not different among groups (Figure 19 

E, J). In nasal secretions, the levels of s-IgA (Figure 19 F) did not differ among 

patients and controls. However, when measuring the levels of the different s-IgA 
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subtypes, a significant reduction in the levels of s-IgA1 was found in CRSwNP 

patients compared to healthy subjects (p<0.001) (Figure 19 G), which was not the 

case for s-IgA2 (Figure 19 H). 

 

4.3. Patients with CRS show reduced epithelial expression of pIgR 

and IgA with reduced secretion of s-IgA1 

pIgR expression was significantly decreased in the epithelial layer of the sinus tissue 

from patients with CRSsNP (p<0.05) and patients with CRSwNP (p<0.05) compared 

to healthy controls (Figure 19 A, C). On the other hand, no significant variations in 

pIgR expression were observed in submucosal glands among groups (Figure 19 B, 

C). Also, IgA expression was significantly reduced in the epithelial layer of sinus 

biopsies from patients with CRSwNP (p<0,05) (Figure 19 D, J) compared to healthy 

subjects. Submucosal IgA accumulation was not different among groups (Figure 19 

E, J). In nasal secretions, the levels of s-IgA (Figure 19 F) did not differ among 

patients and controls. However, when measuring the levels of the different s-IgA 

subtypes, a significant reduction in the levels of s-IgA1 was found in CRSwNP 

patients compared to healthy subjects (p<0.001) (Figure 19 G), which was not the 

case for s-IgA2 (Figure 19 H). 
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Figure 19. Evaluation of the pIgR/IgA system in patients with CRS and healthy 

subjects. 

pIgR expression in the epithelial layer (A) and submucosal glands (B) in biopsies. 

Quantification was performed by using Qupath 47. Graphs depict mean of four measurements 

per patient ± SD. (C) Representative pictures of pIgR expression in biopsies for each studied 

group.  (D) Measurements of SC in nasal secretions, DL= 1,31 ng/ml. IgA expression in the 

epithelial layer (E) and submucosa (F) in biopsies. Quantification was performed by using 

Qupath 47. Graphs depict mean (± SD) of four measurements per patient. (G) Representative 

pictures of IgA expression in biopsies for each studied group. Measurement in NS of (H) 

total IgA levels (DL= 1,83 ng/ml), (I) total s-IgA levels (DL= 2,32 ng/ml), (J) s-IgA1 levels 

(DL= 9,3 ng/ml), and (K) s-IgA2 levels (DL= 8,96 ng/ml).  Mann-Whitney test, *p<0.05; 

***p<0.0001.
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4.4. s-IgA is upregulated in nasal secretions in a mouse model of 

type 2 CRS 

To address the role of IgA in in vivo systems, we determined the levels of total IgA 

in serum and in the NL of mice suffering from CRS and compared to controls (the 

same WT mice with T2 eCRS and with non-T2 nCRS described in Chapter II and 

Chapter III).  

WT mice with experimental T2 eCRS, especially mice challenged with OVA+SEB, 

exhibited higher levels of total IgA both in serum and in NL compared to control 

groups (Figure 20 A). Conversely, when determining the levels of total IgA in WT 

mice with experimental non-T2 nCRS, no significant changes were found in serum 

or NL at any of the study timepoints (Figure 20 B). 

 

 

4.5. The absence of s-IgA attenuates inflammation in a mouse model 

of type 2 CRS but aggravates inflammation in a mouse model of 

non-type 2 CRS 

pIgR-/- mice with experimental T2 CRS showed less pronounced epithelial 

inflammatory features in the maxillary sinus compared to WT mice. They showed 

less epithelial hypertrophy (p<0.05) (Figure 21 B, D) as well as a lower number of 

mucosal eosinophils as compared to WT mice with T2 CRS (p<0.05) (Figure 21 C, 

D). Only for serum IgE levels, pIgR-/- mice showed significantly higher levels 

compared to their WT peers (p<0.01) (Figure 21 E).   
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Figure 20. Levels of total IgA in serum and in NL in mouse models of 

experimental T2 eCRS and non-T2 nCRS. 
(A) Total IgA levels in serum (left) and in NL (right) in a mouse model of experimental T2 

eCRS. (B) Total IgA levels in serum (left) and in NL (right) in a mouse model of experimental 

non-T2 nCRS. Graphs depict median (±IQR). ELISA detection limits were 1.5 ng/ml for 

serum and 4 ng/ml for NL. Kruskall Wallis with Dunn’s post-hoc control test for comparing 

multiple groups test: *p<0.05; **p<0.01. 
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Figure 21. Experimental design and inflammatory changes in the maxillary sinuses of 

pIgR-/- mice with experimental allergen-induced eCRS. 

(A) Experimental design to establish an allergen-induced eCRS in WT and in pIgR-/-  mice. 

(B) Epithelial thickness measurements, graph depicts median (±IQR) of 24 

measurements/mouse, performed by using Cytomine 48. (B) Quantification of sub- and intra-

epithelial eosinophilic infiltration in the maxillary sinus, graph depicts median (± IQR) of 6 

measurements/mouse. Quantification was performed by using Qupath 47. (C) Representative 

pictures of the maxillary sinus epithelial layer, Giemsa staining. Black bar indicates how the 

epithelial thickness measurements were performed, from the base to the apical pole of the 

epithelial cells. (D) Total IgE levels in serum. Scale bar = 20 µm. Mann-Whitney test, 

*p<0.05; **p<0.01. 





199 

 

When testing a mouse model of bacterial-induced non-T2 CRS in mice lacking s-

IgA, we found a significantly higher mortality rate in pIgR-/- mice inoculated with P. 

aeruginosa compared to WT mice treated with this bacteria (69.2% vs. 13.5%; 

p<0,001) (Figure 22 B). This difference was not seen in mice inoculated with S. 

aureus from which 100% of both WT and pIgR-/- mice survived (Figure 22 B). 

Although we did not detect a difference in epithelial hypertrophy between WT and 

pIgR-/- mice with experimental bacterial non-T2 CRS (Figure 22 C, G), we did find 

a more pronounced inflammation in mice lacking s-IgA compared to WT mice. This 

was shown by cytospins of the NL that showed significantly higher numbers of total 

inflammatory cells (p<0.01) and neutrophils (p<0.01) in pIgR-/- mice (Figure 22 D, 

E). It was also confirmed at tissue level, where the mucosal neutrophilic influx was 

significantly higher in infected pIgR-/- mice compared to infected WT mice (p<0.05) 

(Figure 22 F, G). 
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Figure 22. Experimental design, survival curve and inflammatory changes in the 

maxillary sinuses of pIgR -/- mice with experimental bacterial-induced nCRS. 

(A) Experimental design to establish a bacterial-induced nCRS in WT and in pIgR-/- mice. 

(B) Kaplan-Meier survival curve of mice with bacterial-induced neutrophilic CRS. (B) 

Epithelial thickness measurements, graph depicts median (±IQR) of 24 

measurements/mouse, performed by using Cytomine 48. (C) Total inflammatory cells/ml in 

the NL. Counting was performed by using Cytomine 48. (D) Total neutrophils/ml in the NL. 

Counting was performed by using Cytomine 48. (E) Quantification of sub- and intra-epithelial 

neutrophilic infiltration in the maxillary sinus, graph depicts median (± IQR) of 6 

measurements/mouse. Quantification was performed by using Qupath 47. (F) Representative 

pictures of the maxillary sinus epithelial layer, Ly6G staining. Black bar indicates how the 

epithelial thickness measurements were performed, from the base to the apical pole of the 

epithelial cells. Graphs depict median (±IQR). Mann-Whitney test, *p<0.05; **p<0.01. 
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4.6. Microbiome characteristics in CRS and healthy controls 

Prior to the analysis about sIgA-binding capacities of sinonasal bacteria, we 

determined the overall nasal microbiome composition in the non-sorted microbial 

samples (Figure 23). Bacterial density was similar between healthy controls and 

patients with CRS as measured by total FACS event counts per swab (Figure 23 A), 

as well as by number of copies of the 16S gene per swab (Figure 23 B). When 

comparing the microbial diversity across our study groups, no significant differences 

were seen between healthy controls and patients when using the observed index 

(evaluating richness) nor the Shannon index that accounts for both species’ richness 

and evenness (Figure 23 C). The beta diversity was calculated using Aïtchison 

distances and compared among the study groups, groups. Although the majority of 

the samples seemed to cluster together, some differences could be observed, and 

mainly the healthy control group seemed to have a bit more diversity in the samples 

(p<0,05) (Figure 23 D).  
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Figure 23. Comparative analysis of microbial diversity in healthy subjects and patients 

with CRS in the non-sorted samples. 

(A) Total bacterial count quantified by number of FACS events. Graph depicts mean ± SD. 

(B) Bacterial load distribution measured as the number of reads across healthy controls in 

blue, CRSwNP in pink, CRSsNP in purple. (C) Alpha diversity metrics: observed richness 

(obs) Shannon diversity index (shannon) across the study groups. (D) Beta diversity analysis 

visualized using a principal coordinates analysis (PCoA) plot based on Aitchison distance.  

 

When looking at the individual profiles in the non-sorted samples, patients with CRS 

sometimes seemed to have a dominance of potential pathogenic airway bacteria, 

such as Moraxella or Staphylococcus, although our alpha-diversity measures before 

showed no differences in diversity (Fig 23C). Overall in all study groups, 

Corynebacterium and Dolosigranulum were often detected. Figure 24 gives an 

overview of the most abundant taxa that were sequenced in the non-sorted samples 

of all subject groups.  
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Figure 24. Relative abundance of bacterial taxa across study groups in non-sorted 

samples. 

Each vertical bar represents one individual sample. 

  

 

4.7.  Bacterial s-IgA coating patterns might be different between 

patients with CRS and healthy controls 

Our next step was to study the samples that were sorted into the IgA+ and the IgA– 

fractions. Regarding bacterial IgA coating, no significant correlations were seen 

between the percentage of bacteria coated by s-IgA (percentage of IgA+ FACS 

events) and nasal s-IgA concentration (data not shown). Only a negative correlation 

between the total FACS events and the percentage of bacteria coated by s-IgA 

(percentage of IgA+ FACS events) was found (Figure 25). No significant 

correlations between the percentage of bacteria coated by s-IgA or nasal s-IgA 

concentrations and clinical data such as systemic levels of eosinophils or SNOT 

score (data not shown). 
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Figure 25. Correlation between total FACS events and the percentage of IgA+ bacteria 

in the study pooled groups. 

Pearson correlation of total FACS events and percentage of bacteria in the IgA+ fraction in 

pooled groups. 

 

To analyze whether nasal s-IgA targets all nasal bacteria equally in patients and 

controls, the microbial composition of the s-IgA+ and s-IgA– samples were 

determined. Due to low biomass and sample processing, we were only able to 

sequence both fractions in 17 out of 19 healthy subjects (89%), 9 out of 16 CRSwNP 

(56%) and 5 out of 14 CRSsNP (36%).  

During the IgA-based FACS sorting, we did not observe differences in events within 

both fractions, although patients with CRS showed a trend towards a higher bacterial 

density within the IgA+ fraction as measured by the ratio of events in the IgA+ 

fraction over the events in the IgA– fraction (Figure 26 A). 
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Figure 26. Analysis of bacterial targeting by IgA, alpha and beta diversity in the study 

groups. 

(A) Ratio of IgA+/IgA− FACS events across groups. (B) Alpha diversity metrics: observed 

richness (obs) Shannon diversity index (shannon) across groups stratified by IgA fractions; 

left, IgA+ fraction; right, IgA− fraction). (C) Beta diversity visualized using a PCoA plot 

based on Aitchison distance, stratified by IgA fractions. 
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The alpha diversity across IgA-fractions was also evaluated. For species richness 

(observed species index), healthy controls exhibited higher diversity in both IgA+ as 

well as IgA– fractions compared to patients with CRSwNP (both p<0,05) (Figure 26 

B). The Shannon diversity index followed the same trend (Figure 26 B). The study 

of beta diversity across IgA-fractions revealed significant differences in microbial 

community composition between IgA+ and IgA– fractions and non-sorted samples 

(p<0,01) (Figure 26 C). The IgA+ fraction showed the highest variability and 

broadest spectrum, while the tighter clustering of the IgA− fraction and non-sorted 

samples indicates a more uniform composition (Figure 26 C).  

Last, we analyzed and classified the distribution of the bacterial taxa of our sorted 

samples according to their IgA-binding capacities as expressed by the Kau score. 

This score is an index to classify the bacterial taxa according to their IgA-coating, 

being positive when the taxon is targeted by IgA, and negative when the taxon is less 

or not targeted by IgA (Figure 27). Unfortunately, as mentioned above, the low N 

per group only allowed us for making some observations and larger sample sizes are 

needed to draw statistically relevant conclusions. 

Overall, in healthy controls, the microbiota displayed a generally wide distribution. 

Notably, Moraxella, Veillonella and Porphyromonas were more present in the IgA+ 

fraction, while Finegoldia, Neisseria, Conservatibacter, Rhodobacteraceae and 

Alloprevotella species looked more present in the IgA– fraction (Figure 27). In 

patients with CRSsNP, we could observe that taxa like Alloprevotella, Micrococcus, 

Lawsonella and Lactobacillus seemed enriched in the IgA+ fraction, whereas 

Finegoldia, Pseudaminobacter, Streptococcus, Anaerococcus, Corynebacterium 

and Kocuria seemed more abundant in the IgA–  fraction (Figure 27).  In patients 

with CRSwNP, several taxa such as Finegoldia, Micrococcus, Anaerococcus, 

Dolosigranulum, Enterobacter, Corynebacterium and Lawsonella appeared more 

enriched in the IgA+ fraction. However, taxa like Neisseria, Conservatibacter, 

Rhodobacteraceae, Alloprevotella, Stenotrophomonas, Peptoniphilus_A, Kocuria, 

Gemella and Fusobacterium were most likely found in the IgA– fraction (Figure 27). 
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We next evaluated the kau scores of both groups of CRS compared to healthy 

controls. When we zoomed deeper into the IgA-coating of these specific 

bacterial taxa, we found that certain taxa seem to exhibit different IgA-coating 

levels between patients with CRS (both groups) and controls. Overall, figure 

27 shows a tendency towards higher IgA coating of several taxa that can 

contain species or strains with pathogenic features (e.g. Moraxella_A, 

Porphyromonas and Neisseriaceae species) in patients with CRS, especially 

in CRSwNP, compared to controls.  Some taxa like Neisseriaceae, 

Micrococcus, Lactobacillus, Dolosigranulum and Enterobacter, seem to be 

more targeted by s-IgA in both groups of patients with CRS compared to 

healthy subjects. This suggests these bacteria are more frequently recognized 

and bound by IgA in CRS, implying a shift toward immune activation or loss 

of tolerance. On the other hand, some pathogens, like Moraxella_A and 

Leuconostoc, seem to be less coated by s-IgA in both groups of patients with 

CRS compared to healthy subjects. This may suggest a tolerogenic or non-

reactive immune state. 
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Figure 27. Differential IgA-binding of bacterial taxa across groups based on Kau score. 

Boxplots show the distribution of Kau scores for various bacterial taxa in Healthy controls, CRSsNP and CRSwNP. The colors indicate 

whether the mean score is greater than 0 (TRUE in blue) or not (FALSE in pink). Each boxplot represents the interquartile range (IQR), 

with the central line denoting the median. Outliers are shown as individual points. Statistical comparisons across study groups by using 

the non-parametric pairwise Wilcoxon test.
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5. Discussion 

IgA has been largely neglected when studying the role of the humoral response in 

CRS, despite its key role in mucosal immunity. The present chapter investigates the 

role of the pIgR/IgA system in the context of CRS, focusing on its involvement in 

inflammation in both T2 and non-T2 inflammatory profiles in in vivo systems 

(described in Chapter II and Chapter III) and on the exploration of the interaction 

between s-IgA and the nasal microbiome in the pathophysiology of CRS. Our results 

demonstrate a significant reduction in the epithelial pIgR expression in sinus biopsies 

from patients with CRSwNP and CRSsNP resulting in a significantly reduced 

epithelial expression of IgA and s-IgA1 levels in nasal secretions in CRSwNP 

patients. A key role of s-IgA was confirmed by murine models. In WT mice, mice 

developing eCRS exhibited elevated levels of IgA in NL and serum upon exposure 

to OVA+SEB, which was not observed in mice with nCRS, where IgA levels 

remained comparable to controls, irrespective of the bacterial inoculation received. 

These findings suggest a differential regulation of IgA production depending on the 

type of inflammatory response. However, the role of s-IgA seems to be different in 

T2 and non-T2 inflammatory disease, since in genetically modified mice lacking s-

IgA, we found that absence of s-IgA had opposing effects, attenuating eosinophilic 

infiltration in a T2 CRS model, but increasing neutrophilic inflammation in a non-

T2 CRS model. The complexity of the IgA function was further confirmed by our 

observational IgA sequencing experiments, where different microbial IgA-coating 

patterns seemed to differ between patients with CRS and healthy subjects.  

While the role of IgA is well studied in the gut 37-41, very little research has focused 

on its role in the airways. In our human observational study, we demonstrate a 

significant reduction in the epithelial pIgR expression in sinus biopsies from patients 

with CRSwNP and CRSsNP compared to healthy subjects. This is in line with the 

findings reported by Hupin et al. 25. Only one other study by a group from Whuhan 
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investigated pIgR in 36 NP biopsies and found significantly decreased expression 

levels in CRSwNP compared to healthy controls 26.  

The reduced epithelial pIgR expression indicates a defect in the epithelial barrier's 

ability to transport IgA to the mucosal surface. Consequently, we found lower tissue 

IgA expression at the epithelial level, in CRS patients.  Even though a few 

publications report on a subsequent increase of IgA and/or IgA-producing B cells 

accumulation in the submucosa due to a reduced transepithelial transport 20,22–25,28,30 

in our hands, IgA accumulation in the submucosa was not different among groups.  

At the level of nasal secretions, we did not demonstrate any differences in total s-

IgA which is in line with the findings from Hupin and colleagues 25. Tsybikov et al., 

however, did find increased levels of s-IgA in both groups of CRS patients compared 

to controls 31. The fact that in our samples pIgR expression in submucosal glands 

was maintained in CRS patients may suggest that glandular IgA secretions might be 

enough to compensate levels of s-IgA in nasal secretions, as it has been reported to 

happen in saliva 56. Also, the phenomenon of leakage could explain the paradox of 

low pIgR but normal s-IgA levels in CRS groups. Patients with CRS have a 

dysfunctional epithelial barrier 57, which may allow leakage of immunoglobulins, 

including s-IgA, from the submucosa into the nasal lumen, potentially normalizing 

s-IgA levels in secretions despite reduced epithelial transport.  

We did detect, however, a reduced presence of the subtype s-IgA1 in the secretions 

of patients with CRSwNP. This corresponds to the findings by Hupin et al. who 

reported on a similar trend, although not significant 25. This might be explained by 

the fact that glandular IgA that fails to be transported lacks SC, making it less stable 

and even more vulnerable to degradation in the mucosal environment 9,58,59. This may 

explain the finding of a selective reduction in s-IgA1 levels in patients with 

CRSwNP, since s-IgA1 is per se less resistant to enzymatic degradation than s-IgA2 

60 and also, it is the main subtype present in airway secretions 61. Moreover, it is 

known that in CRSwNP, an increased protease activity, both from inflammatory cells 
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and from pathogenic bacteria, exists 62, which may directly contribute to epithelial 

barrier dysfunction and to the degradation of s-IgA1. Additionally, certain pathogens 

associated with CRSwNP, such as S. aureus, N. meningitidis, N. gonorrhoeae, H. 

influenzae and S. pneumoniae, produce proteases that can cleave the hinge region of 

IgA1 63–66, leading to its inactivation and increased susceptibility to mucosal 

infections and bacterial colonization. 

Our reported downregulation of pIgR and subsequent decrease in s-IgA1, might 

contribute to the inflammatory cycle in CRS, as potential inflammatory triggers may 

not be neutralized by s-IgA1 25. In the lower airways there is also evidence that s-

IgA contributes to disease mechanisms or severity. In COPD, pIgR downregulation 

correlates with worsened airflow limitation and neutrophilic infiltration 67–71. 

Opposite to what is observed in CRS, local IgA synthesis is upregulated in lung 

tissue 72, but in line with our findings, it does not translate into increased 

concentration of S-IgA in bronchial secretions. Similarly, in asthma, lower s-IgA 

levels are linked to poorer lung function and increased symptoms 73, with IgA 

deficiency being associated with allergic diseases 74,75. Compared to CRS, where 

local IgA synthesis is upregulated but not translated into increased s-IgA in 

secretions, COPD and asthma show similar IgA dysfunctions, especially in relation 

to eosinophil regulation and microbial balance, highlighting IgA as a potential but 

unproven therapeutic target 67. 

However, glandular IgA that fails to be transported will lack the SC, making it less 

stable and more vulnerable to degradation in the mucosal environment 9,58,59, which 

may explain the fact that we found a selective reduction in s-IgA1 levels in patients 

with CRSwNP. 

Because our human experiments mainly provided us with observational data in 

patients with already established diseases, we decided to next study the role of IgA 

in the development of CRS in in vivo mouse models described in Chapters II and III. 
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Our results demonstrate that in WT mice, induction of eCRS leads to a significant 

increase in IgA levels in both NL and serum following OVA/SEB treatment, whereas 

no such variation is observed in WT mice with nCRS. This differential regulation 

suggests that eosinophilic inflammation may promote a local and systemic boost in 

IgA production, which was not the case for neutrophilic inflammation.  

However, when evaluating the impact of the absence of s-IgA in genetically 

modified mice lacking s-IgA, things are more complex. In a first model of 

OVA/SEB-induced eCRS, resembling T2 inflammation in the human sinonasal 

mucosa, the absence of s-IgA surprisingly decreased mucosal inflammatory features 

at the level of the paranasal sinuses, including reduced sinus eosinophil influx. To 

our knowledge, only one other paper investigated OVA-induced eosinophilic airway 

inflammation in pIgR-/- mice, finding a similarly reduced influx of eosinophils in the 

airways 76. This could be explained by the suggested role of s-IgA in recruiting and 

sustaining eosinophils within the mucosa, as described by Bartemes and colleagues 

77. This would imply that our observed reduced pIgR levels in human eosinophilic 

CRS tissue might rather be a result of the disease than a contributing factor. The 

contradictory finding of pIgR-/- mice producing higher serum IgE levels, could be 

explained by the genetic modification altering systemic IgE levels, as it has been 

described to happen in the gut 78. Unfortunately, up till now the role of s-IgA in T2 

inflammation in upper respiratory airways remains unexplored and further research 

is needed to elucidate its impact in allergic inflammation. 

Secondly, we tested the role of IgA in a mouse model of pIgR-/- mice with bacterial-

induced nCRS that mimics human non-T2 sinonasal inflammation. Interestingly, in 

this model we found that the absence of s-IgA aggravated neutrophilic inflammation 

at the level of the sinus mucosa. This finding suggests a critical role of s-IgA in 

controlling bacterial-induced inflammation in non-T2 CRS. The fact that we found 

significantly higher mortality in pIgR-/- mice compared to WT, highlights the 

importance of s-IgA in controlling respiratory infections by respiratory pathogens. 

Our findings are in line with several other studies that report on higher susceptibility 
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to bacterial respiratory infections in pIgR-deficient mice 79, or mice treated with anti-

IgA 80.  

These in vivo findings seem to imply that s-IgA plays an important role in CRS 

development, especially in non-T2 CRS. However, no clear-cut quantitative 

differences in total s-IgA were found in human CRS secretions. Therefore, we 

hypothesized that a functional aspect of s-IgA might play a role. One of the key roles 

of s-IgA that has been studied in the gut, is the control of the local microbiome 37–41. 

It plays a crucial role in maintaining gut homeostasis by regulating the composition 

and function of the gut microbiota. It has been shown in the gut that s-IgA achieves 

this by binding to several antigens on the surface of bacteria, modulating their 

interaction with the host and promoting a balanced microbial environment 40. 

However, nowadays, it is not clear how s-IgA affects the human nasal microbiome 

in terms of homeostasis and immunomodulation. Especially, the development of the 

IgA-SEQ technology has crucially contributed to our knowledge of the role of s-IgA 

in health and disease and in shaping the microbiome in the gut 38,40,81. In this 

technique, bacteria are sorted based on their IgA-coating and then analyzed by 

metagenomic sequencing 55,82–84. One recent paper studied the sinonasal bacterial-

IgA interaction in healthy controls by applying the IgA-SEQ technology, revealing 

a highly individualized interaction between s-IgA and the nasal microbiota and 

suggesting that s-IgA may limit the bacterial capacity to colonize the human nose   

85. 

To study whether s-IgA targets the microbiome members differently in CRS than in 

controls, therefore influencing their maintenance and/or effects, we decided to apply 

the IgA-SEQ technique in our study population. Initial analysis of the microbiome 

composition in the unsorted samples of our study populations showed no differences 

in bacterial load between CRS (both CRSwNP and CRSsNP) and healthy controls 

as measured via observed richness and Shannon diversity. Although beta diversity 

measures showed that a lot of samples showed overlap, there seemed to be some 

significant differences in diversity between healthy controls and CRS groups. This 
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finding is in line with the concept of dysbiosis and corresponds to previous findings 

in CRS 86. In particular, the work by De Boeck and colleagues, showed that even 

without major reductions in alpha diversity, patients with CRS exhibited significant 

alterations in bacterial community composition 87, suggesting that functional 

imbalances, rather than a loss of taxa, may contribute to disease pathogenesis. 

Unlike what was found in the paper from Amsterdam 85, we did not find a correlation 

between nasal s-IgA levels and the percentage of IgA+ bacteria. This contradicts their 

finding that s-IgA plays a crucial role in regulating nasal microbiota density. It needs 

to be noted that although significant, their correlations were weak. The reported 

differences might be due to technical specificities in the protocols followed. 

Conversely, we saw a similar high individualization of the interaction between s-IgA 

and nasal bacteria, with no uniform pattern across different species or individuals, 

especially in healthy controls. When comparing CRS patients with healthy controls, 

we did not detect any differences in numbers of IgA-coated bacteria, indicating that 

there are no quantitative implications. Interestingly we did detect a reduced alpha 

diversity in the IgA+ coated bacteria in CRSwNP, however this was also true for the 

IgA- fraction. This finding is therefore rather linked to a general dysbiosis than to 

differences in IgA coating. Interestingly we did detect a reduced alpha diversity in 

the IgA+ coated bacteria in CRSwNP, however this was also true for the IgA- 

fraction. This finding is therefore rather linked to a general dysbiosis than to 

differences in IgA coating. When evaluating the beta diversity across sorted 

fractions, a significant reduction was found for the non-sorted and the IgA– fraction, 

with IgA+ fraction being more determinant for the bacterial composition.  

Regarding the IgA coating efficiency of the different microbiome members, as 

determined via Kau scores, we showed that certain taxa seem to be differently coated 

among patients and controls, although the low number of samples per group prevent 

us from making conclusions. Overall, CRS groups showed a tendency to have more 

taxa presenting with positive Kau scores (blue boxes in Figure 27) than healthy 

controls, indicating broader immune recognition. This might indicate a dysregulated 
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mucosal immune response in CRS, where commensals may become targets of 

mucosal immunity. 

So far, the question of why some pathogenic species are coated by s-IgA and others 

aren’t, remains unanswered. One of the theories is that it is explained by interspecies 

competition among bacteria since s-IgA can influence their immune evasion 

strategies 88. While s-IgA typically prevents adhesion and promotes bacterial 

clearance, some pathogens have evolved to make use of this coating as a survival 

strategy. Another theory is that dysbiosis can lead to increased local IgA production 

and coating of possible pathogens to potentially control them as suggested in the gut 

89.  Future experiments that study differences in virulence factors for bacteria that 

show altered IgA-coating levels could be very useful in further elucidating our 

findings. Also, s-IgA binding assays with the withheld bacteria can confirm our 

findings and provide insight into possible s-IgA defects that lie at the base of the 

observed data. 

However, another speculation is that s-IgA response might be shaped by host-

specific factors such as genetics, immune system, and environmental conditions such 

as inflammation, rather than by the bacterial species' immunogenicity per se. 

Therefore, it is possible that the coating capacities of s-IgA could be altered/deficient 

in patients with CRS. Interestingly, in patients with CRSwNP, the pathogen 

Porphyromonas seemed less IgA-targeted compared to healthy subjects. For 

CRSsNP, it was Moraxella that showed a lower Kau score than healthy controls. In 

the latter patient group, we saw similar trends for other pathogens, however the low 

number of sequenced CRSsNP samples did not allow for powerful statistics, and 

hence robust conclusions are therefore the main limitation of this study. This low 

yield is due to the well-known low microbial biomass present in the airways, that in 

a second step was further reduced by the FACS sorting of our samples. We tried to 

overcome this phenomenon by harvesting 4 microbial swabs per patient, but even 

with this technique we only managed to sequence both sorted groups for half of the 

CRSwNP group and one third of the CRSsNP one. Another limitation is the fact that 
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we were not able to characterize the bacteria up to the species level and therefore 

certain species with different pathogenic characteristics (e.g. S. epidermidis and S. 

aureus) could not be distinguished by this technique. We sought to address this 

challenge phenomenon by performing PCR on the microbial samples, but even for 

this biomass was too low to be detected. 

Overall, our IgA-SEQ data seem to be comparable to the work performed by other 

researchers in the gut 84, where microbes are more abundant and more stable than in 

the nose 90,89. In the gut, it is known that s-IgA can both promote and attenuate 

bacterial colonization, depending on mucus flow rate, disease state and differential 

adhesion among species 83,92–94. Palm and colleagues described the potential of IgA-

coating to target pathogenic bacteria 83. Similarly, insights from Shapiro et al. on the 

role of IgA in IBD provide valuable parallels to CRS. In IBD, certain bacteria 

associated with inflammation exhibit high IgA-coating, suggesting a critical role in 

modulating disease progression 95. However, based on the observations for 

gastrointestinal s-IgA, this targeting by s-IgA could imply clearance of the microbial 

species or the promotion of its colonization by enhanced mucus- or epithelial 

interactions 93. To conclude, while the nasal microbiome differs from the gut 

microbiome in composition and complexity, there seems to be some evidence that 

the principle of IgA-mediated microbial regulation is consistent across mucosal sites. 

The strength of this study is the fact that we used a translational way to study the 

role of IgA/pIgR biology in CRS, which greatly contributes to seeing the broader 

picture of our findings. While the human data showed that patients with T2 CRSwNP 

present with reduced levels of epithelial pIgR and subsequent reduced epithelial IgA 

and s-IgA1, the in vivo data implied that s-IgA might contribute to eosinophilic 

inflammation and pIgR downregulation is probably rather a consequence than a 

cause of the disease. For non-T2 CRS (mostly CRSsNP), which is more frequently 

linked to chronic infection, the in vivo data confirmed that s-IgA is needed to reduce 

the chronic inflammatory reaction upon a persistent microbial stimulus. Therefore, 

the observed pIgR reduction in the human samples might contribute to the disease in 
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this endotype. The insights provided in this study about the importance of the 

pIgR/IgA system in CRS pathophysiology are valuable but need further validation. 

While s-IgA seems to play a role in modulating the microbiota, its function in CRS 

remains complex, potentially varying between T2 and non-T2 inflammation. To our 

knowledge, we are the first to apply the IgA-SEQ technology to nasal swabs from 

patients with CRS and to compare them to healthy subjects, revealing decreased 

microbial diversity in and differential IgA coating of nasal microbes in patients with 

CRS compared to healthy controls. The application of IgA-SEQ to nasal microbiome 

samples provides novel insights into microbial targeting by s-IgA, reinforcing its 

relevance in CRS. Our findings emphasize the need for future research to explore 

therapeutic strategies aimed at restoring mucosal immunity, maybe by modulating 

the microbiome, and addressing the distinct immunological mechanisms underlying 

different CRS subtypes. 

In conclusion, our study investigates the role of s-IgA in CRS, combining in vitro 

and in vivo research, focusing on its involvement in inflammation and microbiome 

interactions. It was found that patients with CRS exhibit reduced expression of the 

pIgR and IgA in the sinus epithelium, particularly affecting s-IgA1 secretion. Mouse 

models reveal that the absence of s-IgA reduces eosinophilic inflammation in T2 

CRS but exacerbates neutrophilic inflammation in bacterial-induced non-T2 CRS. 

By applying IgA-SEQ technology, our study identifies altered microbial diversity 

and differential bacterial IgA-coating in patients with CRS compared to healthy 

individuals. These findings suggest that not just IgA quantity, but also its functional 

role in microbial regulation, contributes to CRS pathophysiology, particularly in 

non-T2 inflammation. Future research should explore therapeutic strategies aimed at 

restoring mucosal immunity by modulating the microbiome and addressing distinct 

immunological mechanisms underlying different CRS subtypes. 
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1. General discussion 

The nasal mucosa, along with its immune system, serves as the body’s first line of 

defense in the airways against inhaled particles and agents 1. When the epithelial 

barrier in the airways is triggered by environmental or microbiota-derived antigens, 

inflammation can arise giving rise to rhinitis or rhinosinusitis 2.  

In the most recent guidelines, chronic rhinosinusitis (CRS) is classified into two main 

inflammatory profiles: T2 and non-T2 3. In western countries, T2 inflammation is 

frequently associated with NP (CRSwNP), characterized by eosinophil activation 

and elevated IgE, IL-4, IL-5, and IL-13. These patients often suffer from 

concomitant allergies, asthma, or aspirin-exacerbated respiratory disease (AERD). 

Non-T2 inflammation (commonly CRSsNP in Western countries) involves 

Th1/Th17/Th22 responses, increased IFNγ, and neutrophil activation increased 

levels of IFNγ and activated neutrophils are found and often no NP are visualized in 

the nasal cavities and are often linked to bacterial infections, environmental irritants 

and smoking 3-6. 

The host must protect the airways from potential harmful inhaled agents such as 

pathogens, allergens and irritants and maintain the balance of the local microbiota in 

the nose to prevent chronic infection. Moreover, it must maintain the balance 

between local colonizing microbiota and the risk of chronic presence of opportunistic 

pathogens in the nose. Several mechanisms exist to achieve this, with the production 

of s-IgA 7 as a key element. While s-IgA is well studied in the gut 8-14, hardly anything 

is known about the role of s-IgA in the respiratory airways. Also in the lower 

airways, several studies have shown abnormalities in the IgA-pathways in asthma 

and COPD 15,16. Apart from that, most of the knowledge about the role of s-IgA in 

the nasal mucosa comes from individuals with SIgAD presenting with more 

recurrent allergy, respiratory infections and CRS 17-20 among others. 
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This dissertation aimed at investigating the potential role that s-IgA might play in 

disease development or modulation of CRS. We presented several findings that, to 

our belief, contribute to a better understanding of the role of this key molecule in 

mucosal defense and in CRS. Yet, many questions remain unanswered, and this work 

has raised several new ones.  

In a first step, we studied human tissue to search for observed differences in IgA 

biology between patients with CRS and healthy controls. Interestingly, we found 

decreased expression levels of the transepithelial IgA receptor pIgR in both 

phenotypes of CRS compared to controls. The reduced epithelial pIgR expression 

indicates a defect in the epithelial barrier's ability to transport IgA to the mucosal 

surface. In our study population this led to a decreased s-IgA1 release in nasal 

secretions, but not s-IgA2 nor total levels of s-IgA. Epithelial barrier dysfunction in 

CRS is known to lead to increased barrier permeability 21. This compromised barrier 

may allow leakage of immunoglobulins, including IgA, from the submucosa into the 

nasal lumen, potentially normalizing IgA levels in secretions despite reduced 

epithelial transport. This phenomenon of leakage could explain the paradox of low 

pIgR expression but normal s-IgA levels in our CRS groups. Also, the fact that we 

did not find an accumulation of subepithelial IgA in our patients with CRS, pleads 

for this explanation. Submucosal IgA that fails to be transported lacks the SC, 

making it less stable and more vulnerable to degradation in the mucosal environment 

22-24. Additionally, the fact that a similar pIgR expression in submucosal glands is 

maintained across study groups may suggest that glandular IgA secretions might be 

enough to compensate the levels of s-IgA in nasal secretions, as it has been reported 

to happen in saliva 25.  

The specific downregulation of s-IgA1 found might be explained by the fact that it 

is the immunoglobulin subtype that is the most sensitive to proteolytic breakdown. 

It is known that in CRSwNP there is an increased protease activity, both from 

inflammatory cells and from pathogenic bacteria 26, which may directly contribute 

to both epithelial barrier dysfunction as well as to the degradation of s-IgA1. 
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Additionally, certain pathogens associated with CRSwNP, such as S. aureus, N. 

meningitidis, N. gonorrhoeae, H. influenzae and S. pneumoniae, produce proteases 

that can cleave the hinge region of IgA1 27-30. This is particularly important, as s-

IgA1 is the main subtype produced in the respiratory tract 31. On the other hand, s-

IgA2, which is more resistant to proteases, is normally more abundant in other 

mucosal surfaces, such as the gastrointestinal tract, where bacterial load is heavier 

and more complex than in the airways 30,32,33. Therefore, according to our findings, 

s-IgA1 would be more prone to proteolytic breakdown in nasal secretions of patients 

with CRSwNP, importantly interfering with the neutralization of pathogens as the 

main source of s-IgA in the nasal mucosa, leaving it more vulnerable to microbial 

invasion and persistent inflammation. 

We therefore hypothesize that the downregulation of s-IgA1 in CRSwNP may 

exacerbate the inflammatory cycle in CRS, as potential inflammatory triggers may 

not be adequately neutralized by s-IgA1 34. Whether these reduced levels are rather 

a cause or consequence of the disease development, therefore remains unanswered 

by these experiments. 

On another note, the link between upper and lower airway diseases is well 

established, with overlapping inflammatory mechanisms observed in CRS and lung 

diseases such as asthma and chronic obstructive pulmonary disease (COPD), 

supporting the concept of ‘united airway disease’ 35.  

In COPD, reduced serum IgA levels and downregulation of pIgR expression in the 

bronchial epithelium correlate with worse airflow limitation, neutrophilic 

infiltration, and increased risk of exacerbations 36,37. Similarly, in CRSsNP, where 

neutrophilic inflammation dominates, s-IgA1 degradation may contribute to 

epithelial barrier dysfunction and persistent inflammation, mirroring COPD-

associated defects in mucosal immunity 38-41. The proteolytic degradation of SC and 

s-IgA1 by neutrophil-derived enzymes in COPD 41 aligns with the protease activity 

observed in CRSsNP. Opposite to what is observed in patients with CRS, local IgA 
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synthesis is upregulated in lung tissue 42, but like our findings, it does not translate 

into increased concentration of S-IgA in bronchial secretions. Conversely, in asthma 

and CRSwNP, where T2 inflammation predominates, despite increased local IgA 

synthesis in asthma, no such increase has been observed in CRS. Instead, s-IgA1 

degradation in CRSwNP may result from increased proteolytic activity, preventing 

its accumulation in nasal secretions. In asthma, lower serum IgA levels correlate with 

worse lung function and exacerbations, while s-IgA has been linked to eosinophil 

activation 43. This is like findings in CRSwNP, where eosinophilic inflammation and 

increased proteolytic activity may drive s-IgA1 degradation, impairing its protective 

function in mucosal immunity. Moreover, IgA’s dual role in both immune defense 

and immune regulation is evident across airway diseases. While low s-IgA levels in 

both asthma and COPD correlate with increased susceptibility to infections, its 

ability to activate eosinophils and basophils in T2 inflammatory environments 

suggests a complex role in allergic responses 44. Despite its protective role on 

infectious, allergic and autoimmune diseases, s-IgA could can also have negative 

effects such as perpetuating allergic reactions and exacerbations in asthma due to its 

known function as eosinophil and basophil activator, although it may protect versus 

parasitic infestations 45,46. While s-IgA could serve as a potential target for the 

treatment of lung diseases, there is lack of evidence at both preclinical and clinical 

levels on whether s-IgA can provide benefits for patients with airway diseases. 

Nowadays, investigation of the pathophysiology of CRS is limited due to high 

interindividual variability, low representative tissue samples, and low experimental 

reproducibility because of the different ex vivo conditions. Moreover, the variability 

among subjects in etiology, microbiome composition, genetics, extent of 

inflammation, and response to microbes make human research even more 

complicated. In recent years, murine models emerged as a potential tool to study 

immunological pathways in respiratory diseases. Although differences exist between 

humans and mice, their organization and immunological responses of the upper 

airway are comparable 47-49. For this reason, we sought to study the role of s-IgA by 



 

 237 

using murine models of CRS. Because of the important differences between the 

different CRS endotypes, we wanted to study its role in each of the endotypes and 

therefore we developed two different mouse models.  

In the first part of this thesis, we aimed at implementing a mouse model of T2 CRS. 

In the past decades, a mouse model showing eosinophilic infiltration, goblet cell 

hyperplasia, epithelial thickness and NP-like lesions had become more and more 

used and accepted among upper airway research groups. It was based on an intra-

peritoneal sensitization of mice with the experimental allergen OVA, followed by 

nasal challenges with OVA to induce an allergic inflammation in the upper airways 

and, at a later stage, coadministration of nasal challenges with SEB 50. During the 

process of implementation and development of this model in our lab, we ran into 

certain inconsistencies that could lead to misinterpretation of results by other 

research groups. In chapter 2 of this thesis, we critically evaluated this (by now 

frequently used) OVA+SEB mouse model 51. While the model successfully 

mimicked some features of human T2 inflammation, including eosinophilic 

infiltration, goblet cell hyperplasia, and subepithelial fibrosis, it did not replicate the 

formation of macroscopic polyps—arguably the most defining feature of the human 

disease. This limitation challenges the model's applicability in studying key 

mechanisms underlying NP development. Another limitation was the fact that no 

significant differences in inflammatory or structural changes were found between 

mice treated with OVA alone and those treated with OVA+SEB. This raises 

questions about the added value of SEB in this context and suggests the model may 

represent severe allergic rhinitis or CCAD rather than eCRSwNP. Finally, we found 

that the model did not show a lack of tight junction disruption that is seen in human 

CRSwNP. Since this epithelial barrier dysfunction is thought to play a pivotal role 

in disease progression and NP formation, this might be an explanation of the 

shortcomings of the model. Taken together, our findings highlight that while the 

OVA+SEB model is useful for studying T2 inflammation in general, it has its 

limitations as a reliable representation of human CRSwNP.  
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For our study of IgA in CRS, we also wanted to use a mouse model of non-

eosinophilic non-T2 CRS. When looking into literature, we found only two models 

that were published reporting on a non-T2 CRS mouse model. We tested a first 

model that was once described by a Chinese group and used chronic exposure to LPS 

52, however, this model was not reproducible in our hands. Then we moved to a 

second model of non-eosinophilic CRS that was described by Jacob and colleagues 

53 and repeated by Wang et al. 54. This model was based on the combination of the 

introduction of a bacterial source in the nose with a blockage of the sinus outflow 

tract, mimicking the presumed human situation in the majority of non-eosinophilic 

CRS 54. It was based on a surgical procedure during which a pre-cut to size nasal 

tampon soaked with a bacterial solution was inserted in the nasal cavity of mice, 

remaining in situ until completion of the model. We adapted this protocol to our 

needs and, in chapters 3 and 4, we describe the development and validation of a 

reproducible mouse model of non-T2 nCRS. During our pilot experiences, we 

determined the ideal location of the nasal tampon to avoid respiratory distress but 

induce sinus inflammation. As we did in our eCRS mouse model, we tried to 

standardize our read-out of murine sinus inflammation and focused on the mean 

values of 3 fixed areas of the maxillary sinuses, which were in all cases at a distance 

from the inserted nasal tampon. The challenging surgical technique, involving the 

insertion of a bacterial-inoculated nasal tampon into the nasal cavity, effectively 

induced a local inflammation at the sinonasal mucosa. It led to epithelial hyperplasia, 

subepithelial fibrosis and neutrophilic infiltration observed in response to 

inoculation with S. aureus and P. aeruginosa, successfully recapitulating hallmark 

features of human nCRS. In contrast, S. pneumoniae elicited a less potent 

inflammatory response, possibly due to differences in biofilm formation capacities 

and bacterial clearance mechanisms 55-58. Additionally, S. pneumoniae and P. 

aeruginosa demonstrated a high mortality rate, complicating the use of these 

pathogens. These findings validated the importance of specific bacterial strains in 

modulating immune responses, with S. aureus emerging as a preferred pathogen for 
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inducing robust inflammation with manageable postoperative outcomes. 

Furthermore, the introduction of innovative methodologies, such as cytospin 

analysis for NL fluid, provided new tools for quantifying neutrophilic inflammation. 

Our detailed protocol ensures reproducibility, overcoming major challenges such as 

positioning the nasal tampon to minimize mortality while achieving consistent 

inflammatory outcomes. We believe this work provides a critical advancement to the 

field of CRS research, where such a validated model was lacking. Addressing the 

remaining limitations and exploring the full potential of this model should be one of 

the main focuses of future research. Testing other clinically relevant bacterial strains 

or polymicrobial infections could enhance the model’s versatility and relevance to 

human disease. The model's adaptability also presents opportunities to explore 

additional bacterial species or polymicrobial infections, shedding light on the diverse 

microbial contributions to non-eosinophilic CRS. Another critical avenue is 

leveraging the model to test the efficacy of existing and novel therapies. Antibiotics, 

anti-inflammatory agents, and microbiome-modulating treatments could be 

evaluated for their ability to mitigate inflammation and prevent tissue damage. 

Additionally, the model offers a platform to investigate the interplay between the 

sinonasal epithelium and bacterial biofilms, with potential implications for 

understanding barrier dysfunction in CRS. Last, this model could facilitate the 

development of diagnostic tools and the identification of novel biomarkers for non-

eosinophilic CRS, helping in the stratification of patients and the personalization of 

treatment approaches. Its applicability to a broad range of research questions makes 

it a valuable resource for unraveling the complex pathophysiology of non-

eosinophilic CRS and improving outcomes for affected patients. 

In Chapter IV, we used these established mouse models to study our hypothesis that 

the absence of s-IgA leads to an exacerbation of sinus inflammation in CRS. 

Interestingly, the use of murine models lacking s-IgA, through genetic deletion of 

the pIgR, revealed differential roles of s-IgA in the pathophysiology of T2 and non-

T2 CRS. Although pIgR-/- mice with T2 eCRS produced higher systemic IgE levels, 
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the absence of s-IgA protected the mice from epithelial hyperplasia and eosinophilic 

infiltration. We found that similar findings were reported by Smits and colleagues 59 

in the only other publication investigating pIgR deficiency in the context of 

eosinophilic airway disease, also reporting lower eosinophil levels in the lungs of 

OVA-treated mice lacking s-IgA compared to their WT peers. These findings 

suggest a deleterious effect of s-IgA on T2-driven inflammation and a possible 

explanation for this lies in its role in eosinophil activation and immune modulation. 

S-IgA can enhance eosinophil survival and degranulation via FcαRI (CD89) 23,43,60,61, 

and therefore it could potentially sustain T2 inflammation in CRSwNP. Also, while 

typically essential for mucosal defense, excessive s-IgA immune complex formation 

in CRSwNP might impair pathogen clearance, leading to prolonged inflammation 

15,62. This could explain why pIgR-deficient mice, despite elevated systemic IgE 

levels, showed reduced eosinophilic infiltration and epithelial hyperplasia. 

Conversely, in non-T2 bacterial-induced nCRS, our hypothesis held true. Here the 

absence of s-IgA worsened inflammation in vivo, as evidenced by increased 

neutrophilic infiltration and epithelial thickening in response to bacterial pathogens 

such as S. aureus and P. aeruginosa. The pronounced impact of P. aeruginosa in 

pIgR-deficient mice leading to a significant mortality rate in knockout mice, 

highlighted the importance of s-IgA in mitigating acute bacterial infection. Our 

findings are in line with similar investigations reporting higher susceptibility of 

pIgR-deficient mice to respiratory infections 63-66.  

Because of the finding that s-IgA seems to exert its most important role in dealing 

with bacterial-induced inflammation, we decided to focus on the role of s-IgA in 

controlling the nasal microbiome. Regarding the interaction of s-IgA with the 

microbiome, a lot of research has been carried out in the intestinal mucosa 8,9,13,67,68. 

In the gut, s-IgA is known to have specific and non-specific properties, depending 

on how it is generated. Through T cell-dependent pathways, s-IgA undergoes affinity 

maturation and can specifically target commensal or pathogenic microbes 69,70. 

However, a significant portion of s-IgA is produced via T cell-independent 
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mechanisms, leading to broader, polyreactive binding to conserved microbial 

components such as polysaccharides, lipopolysaccharides (LPS), peptidoglycan and 

flagellin 69,71. In the gut, polyreactive s-IgA predominates under steady-state 

conditions. It helps to maintain mucosal homeostasis by preventing bacterial 

overgrowth and promoting immune exclusion 69,70. At the same time, T cell-

dependent responses can drive the production of highly specific, high-affinity IgA 

that targets particular microbial species when necessary 69,72. Although the nasal 

mucosa is less extensively studied than the gut, similar dynamics are thought to exist. 

Both polyreactive and antigen-specific sIgA responses are suggested to coexist in 

the upper airways, contributing to the balance between immune tolerance to 

commensals and defense against pathogens 7. In summary, s-IgA represents a 

dynamic spectrum between broad, low-affinity binding and targeted, high-affinity 

immune exclusion, depending on the nature of antigen exposure and the 

immunological context. 

Therefore, we know that s-IgA plays a crucial role in gut homeostasis by preventing 

pathogen adhesion, neutralizing toxins and shaping the microbiota. It is believed to 

promote the retention of beneficial bacteria while preventing dysbiosis, partially 

through its polyreactivity and ability to modulate bacterial gene expression. 

Morevoer, s-IgA deficiency leads to microbiota alterations, highlighting its role in 

maintaining a balanced microbial ecosystem 13,73,74. However, hardly anything is 

known about the role of s-IgA in the airways, probably because the nasal microbiome 

is lower in density, diversity and complexity compared to the gut 75.  

Especially, the development of the IgA-SEQ technology, in which bacteria are sorted 

based on their IgA-coating and then analyzed by metagenomic sequencing 76-79, has 

contributed substantially to our knowledge of the role of s-IgA in shaping the 

microbiome in the gut 8,13,73,78. Up till now, only one publication has applied the IgA-

SEQ technology in nasal swabs from healthy volunteers, revealing differential 

coating of certain nasal microbial members by s-IgA 80. It suggests that s-IgA might 
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play a role in regulating nasal microbiota density, with higher s-IgA levels 

correlating with reduced bacterial colonization. Interestingly, the interaction 

between s-IgA and nasal bacteria seemed highly individualized, with no uniform 

pattern across different species or individuals.  

To our knowledge, we are the first to apply IgA-SEQ on nasal microbiome samples 

from patients with CRS to study the interaction of s-IgA with nasal microbes in 

comparison with healthy subjects. However, the main limitation is that we ended up 

with a low number of samples per group, preventing us from stating conclusions and 

only allowing us to point some observations. Our IgA-SEQ approach did not show 

a correlation between s-IgA and bacterial density, but we did confirm the high 

variability in IgA coating patterns among individuals and among taxa and altered 

diversity in CRS compared to healthy individuals. Analysis of IgA coating patterns 

of nasal bacteria indicated some differences between patients with CRS and healthy 

controls. Our data supports previous findings reporting that CRS is associated with 

dysbiosis, characterized by general reduced microbial diversity and 

overrepresentation of pathogenic species 80-83. The importance of nasal microbiome 

composition and its interaction with the host immune system is increasingly 

recognized in CRS pathophysiology.  Dysbiosis likely disrupts the epithelial barrier 

and contributes to chronic inflammation by facilitating pathogen overgrowth and 

altering host-microbe interactions 84,85. The differential coating by s-IgA could 

indicate that certain pathogens can prevent IgA-targeting, escaping from its control 

and neutralizing function or that IgA from patients is defective against certain 

pathogens. 

We wondered why s-IgA might target differently these pathogens. Van Dalen and 

colleagues, who applied for the first time IgA-SEQ technology to nasal swabs from 

healthy volunteers 80, speculated that s-IgA response might be shaped by host-

specific factors such as genetics, immune system, and environmental conditions 

rather than by the bacterial species' immunogenicity per se. Additionally, s-IgA 
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levels might be influenced by bacterial colonization, with higher deposition observed 

in colonized individuals due to continuous immune stimulation in their study 80. This 

further raises the question of whether therapeutic interventions in CRS could 

influence IgA-coating patterns, potentially altering microbial interactions and 

disease progression. Shapiro el al. showed in patients with IBD, that biologic and 

immunomodulatory treatments significantly impact IgA-coating profiles, while 

antibiotics and steroids exert minimal effects 86, probably due to the superficial level 

at which these anti-inflammatory medications attenuate the immune reaction in IBD 

87. Future research should explore whether biologic or immunomodulatory 

treatments could similarly alter IgA dynamics in CRS, potentially restoring 

microbial balance and improving disease outcomes. 

Generally, while the nasal microbiome differs from the gut microbiome in 

composition and complexity, there seems to be some evidence that the principle of 

IgA-mediated microbial regulation is consistent across mucosal sites. However, our 

approach has some technical limitations. Our low number of samples per group, due 

to low biomass that can be collected from nasal swabs and sample processing, and 

the fact that we could not distinguish among bacterial species, led us to observe 

minor differences across our groups and prevented us from making robust 

conclusions. Future studies are needed and should focus on larger patient cohorts or 

higher bacterial yields to elucidate the long-term effects of s-IgA dysfunction in CRS 

pathophysiology. 

Overall, we believe that the strength of this dissertation lies in its translational 

approach to study the role of IgA/pIgR biology in CRS, allowing for a 

comprehensive understanding of its implications. While the human data showed that 

patients with T2 CRSwNP present with reduced levels of epithelial pIgR and 

subsequent reduced epithelial IgA and s-IgA1, the in vivo data implied that s-IgA 

might contribute to eosinophilic inflammation and pIgR downregulation is probably 

rather a consequence than a cause of the disease. For non-T2 CRS (mostly 
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corresponding to patients with CRSsNP), which is more frequently linked to chronic 

infection, the in vivo data confirmed that s-IgA is needed to a reduce the chronic 

neutrophilic reaction upon a persistent microbial stimulus. This suggests that the 

observed pIgR reduction in human samples could contribute to disease progression 

in this endotype. These findings provide valuable insights into the importance of the 

pIgR/IgA system in CRS pathophysiology, although further validation is required. 

While s-IgA appears to influence the microbiota regulation, its role in CRS remains 

complex and may differ between T2 and non-T2 inflammation. The application of 

IgA-SEQ to nasal microbiome samples offers novel perspectives on microbial 

targeting by s-IgA, reinforcing its significance in CRS.  

Our findings highlight the need for future research to explore therapeutic strategies 

aimed at restoring mucosal immunity, potentially through microbiome modulation, 

and addressing the distinct immunological mechanisms underlying different CRS 

subtypes. Additionally, interventions to counteract dysbiosis, such as probiotics, 

microbial transplantation or microbiome-targeted therapies, could complement 

existing treatments for CRS by reducing dysbiosis and promoting immune tolerance. 

Given the heterogeneity of CRS, stratifying patients based on their inflammatory 

profile (T2 vs non-T2) and microbiome composition may enable personalized 

treatment approaches. Longitudinal studies investigating the impact of microbiome-

targeted therapies and interventions to enhance mucosal immunity are needed. 

Additionally, exploring the interplay between s-IgA and specific bacterial species, 

including their role in biofilm formation, may provide novel insights into CRS 

pathophysiology. 
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To conclude this section, we would like to highlight some of the major gaps that 

remain in CRS research.  

One of the most challenging gaps in the field is the limited understanding of the 

mechanisms driving non-T2 inflammation, which remain poorly characterized and 

currently especially lacks targeted therapeutic options.  

Additionally, a deeper understanding is needed of how acute inflammation 

transitions into chronic disease, particularly regarding the role of epithelial barrier 

dysfunction and mucosal immune responses in initiating and perpetuating 

inflammation. 

Current patient stratification is still limited, largely due to the absence of reliable 

biomarkers capable of predicting treatment response or disease progression.  

Finally, regional and ethnic differences, such as the higher prevalence of neutrophilic 

CRSwNP observed in Asian populations, further emphasize the need for more 

diverse, geographically adjusted research efforts to fully address the complexity and 

variability of CRS. 

 

  



 246 

 

  



 

 247 

2. Future research perspectives 

This dissertation paves the way to several perspectives in the field of CRS research 

and the study of the role of IgA. Below, we summarize the current ongoing work and 

the proposed approaches to advance in our understanding of CRS pathogenesis. 

a) One priority may be extending research on the specific functions of s-IgA1 

versus s-IgA2 in mucosal immunity and inflammation. Understanding how these 

subtypes interact with the sinonasal microbiome and the immune system might 

reveal novel therapeutic targets. These two IgA subtypes differ in their 

susceptibility to bacterial IgA1 proteases, with s-IgA1 being more vulnerable, 

particularly to cleavage by pathogens like Haemophilus influenzae and 

Streptococcus pneumoniae. In contrast, s-IgA2, with its protease-resistant 

structure, may offer more stable immune defense 32. An altered s-IgA1/s-IgA2 

ratio in CRS could reflect disruptions in immune homeostasis and microbial 

composition. Future research should examine how these subtypes interact with 

the sinonasal microbiome, influence epithelial immunity and contribute to 

inflammatory processes in CRS. Profiling their distribution across CRS 

endotypes and investigating their impact on bacterial recognition could provide 

insights into disease mechanisms.  

 

b) Secondly, following our IgAseq experiments, future experiments should 

investigate virulence factors in bacteria with altered IgA-coating levels, as these 

may play a key role in immune evasion and microbial persistence. Comparative 

transcriptomic and proteomic analyses could identify key virulent factors that 

may be differentially expressed in IgA coated and non-coated bacteria. 

Functional assays, including phagocytosis and/or intracellular survival or 

immune evasion, would clarify whether IgA binding enhances immune 

resistance. Understanding how certain specific bacterial properties, such as 
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biofilm formation, protease production or immune modulation, influence IgA 

binding may provide deeper insights into host-microbe interactions in CRS. This 

could help to identify bacterial mechanisms driving inflammation and dysbiosis, 

potentially leading to targeted therapies aimed at restoring immune balance. 

 

c) Building on previous findings, we aim to confirm the data of our IgA seq 

experiments by evaluating the IgA-binding capacity to various bacterial species 

using an‘IgA-binding assay, which is currently ongoing in the host lab. 

Following the deposition assay published by Van Dalen et al. 80, we aim at 

assessing the individual s-IgA binding capacities from our patient’s nasal 

secretions to human nasal bacterial isolates, obtained in collaboration with the 

Cliniques Universitaires Saint-Luc, to complement our IgA-SEQ approach. The 

protocol involves culturing bacterial isolates, incubating them with patients’ 

derived s-IgA, staining with anti-human IgA, and analyzing fluorescence 

intensity of the IgA deposition by flow cytometry. Preliminary results indicate 

that the binding assay protocol is adequate to get the corresponding bacterial-

deposited-IgA signal by flow cytometry (Figure 28). This approach will allow 

us to study IgA deposition on bacteria cultured in both standard and nutrient-

limited conditions, providing insights into how environmental factors influence 

IgA recognition. The analysis will include key sinonasal microbes and potential 

pathogens, such as Staphylococcus aureus, and Moraxella spp., next to more 

beneficial commensals such as Corynebacterium accolens and Dolosigranulum. 

This study will refine our understanding of host-microbiome interactions and the 

specificity of IgA responses in the nasal environment. Overall, the s-IgA binding 

assays with the withheld bacteria can confirm our findings and provide insight 

into possible s-IgA defects that lie at the base of the observed data. 



 

 249 

 

Figure 28. Gating strategy for the ongoing optimization of the ‘IgA-binding assay’ by 

flow cytometry. 

Total bacterial events collected from the FACS analysis were gated based on forward scatter 

area (FSC-A) and side scatter area (SSC-A) to exclude debris. Bacterial population was 

identified using the SYTO nucleic acid stain (SYTO FITC-A), distinguishing bacteria from 

non-bacterial events. The IgA+ bacterial population was detected by staining with an anti-

IgA antibody conjugated to APC and gated based on IgA fluorescence (IgA APC-A). Events 

within the IgA+ gate represent bacteria that have IgA deposited on their surface. 

 

 

d) A key future direction for applying IgA-SEQ to sinonasal samples from CRS 

patients and healthy individuals is increasing the cohort size. This is essential to 

validate our findings, enhance statistical power, and improve the generalizability 

of results. A larger sample of sequenced fractions would enable detailed 

subgroup analyses, identification of IgA-coating patterns linked to specific 

inflammatory endotypes, and a deeper exploration of IgA-microbiome 

interactions. Additionally, integrating IgA-SEQ with multi-omics approaches or 

single-cell RNA sequencing and/or bulk RNA sequencing, will provide a more 

detailed understanding of the immunological and microbial landscape in CRS, 

potentially guiding targeted interventions to restore mucosal immunity and 

microbiome balance. 
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e) This dissertation did not address the role of IgA-producing B cells, despite 

evidence of B cell dysfunction in CRS, particularly in CRSwNP  15,16,33,88-96. 

Local B cell activation and antibody production are crucial to CRS pathogenesis, 

and investigating IgA-producing B cell abundance, distribution, and 

differentiation could provide further insights. Key pathways, including TGF-

beta, APRIL, and BAFF, should be investigated for potential abnormalities.  
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