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Chronic rhinosinusitis (CRS) is a persistent inflammation of the nasal cavity and paranasal sinuses associated with tissue
remodelling, dysfunction of the sinuses’ natural defence mechanisms, and induction of different inflammatory clusters. The
etiopathogenesis of CRS remains elusive, and both environmental factors, such as bacterial biofiims and the host’s
general condition, are thought to play a role. Bacterial biofilms have significant clinical relevance due to their potential to
cause resistance to antimicrobial therapy and host defenses. Despite substantial medical advances, some CRS patients
suffer from recalcitrant disease that is unresponsive to medical and surgical treatments. Those patients often have nasal
polyps with tissue eosinophilia, S. aureus-dominant mucosal biofilm, comorbid asthma, and a severely compromised
quality of life.
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| 1. Chronic Rhinosinusitis

Chronic rhinosinusitis (CRS) is a persistent inflammation of the nasal cavity and paranasal sinuses for more than 12
weeks. CRS is associated with tissue remodelling, dysfunction of the sinus’s natural defence mechanisms, and induction
of different inflammatory clusters 2, Common symptoms of CRS include nasal congestion, rhinorrhoea, sinus
pain/pressure, and a reduced sense of smell. Fever, sense of fatigue, ear fullness, foul taste/odour, and disturbance of
sleep have also been reported, which lead to a considerable impairment of a person’s quality of life Bl. CRS afflicts up to
10% of the general population, with the greater prevalence reported in developed countries, male patients, the elderly,
and asthmatics, thus imposing a considerable direct and indirect burden on the healthcare system and economies globally
(W4 CRS encompasses a heterogeneous condition in clinical manifestation, histopathology, and therapeutic response,
demonstrating a wide spectrum of disease entities with inconsistent pathophysiology . The disease is phenotypically
classified into two broad categories, based on the presence (CRSwNP) or absence (CRSsNP) of nasal polyps on nasal
endoscopy or computed tomography (CT) imaging [&. Nasal polyps are noncancerous inflammatory lesions arising from
the ethmoid sinus projecting into the nasal airway 8. Nasal polyps can block the ostiomeatal complex, interfering with
paranasal sinus ventilation and drainage . Even though only about 30% of patients with CRS develop nasal polyps,
these polyps are linked to higher disease severity and negatively affect patients’ health-related quality of life and
productivity 2.

| 2. Aetiology of CRS

CRS is a multifactorial disease with numerous systemic, host-related, and environmental triggers contributing to its
pathophysiology. Systemic factors comprise genetic disorders, such as cystic fibrosis, autoimmune disease,
immunodeficiency disorders, idiopathic conditions such as Samter’s triad, and gastroesophageal reflux disease (GORD).
Major host factors include anatomical abnormalities affecting the ostiomeatal complex (such as nasal septal deviation and
concha bullosa of the nasal cavities), sinonasal drainage abnormalities, iatrogenic conditions such as postsurgical sinus
scarring, and the presence of foreign bodies in the nose. Potential environmental triggers include the existence of
bacterial biofims and its associated infection, fungal infection, allergies, environmental pollutants, and smoking [, Despite
the high prevalence and substantial health impact of CRS, its aetiopathogenesis has remained incompletely understood.

| 3. CRS and Asthma

The prevalence of asthma in CRS patients has been reported to range from 4 to 44% SILAALAZMSIAIIS]  cCRSWNP
patients have a much higher comorbidity rate of asthma than CRSsNP patients 8. CRSWNP and asthma are strongly
linked, coexist epidemiologically, clinically, and pathophysiologically 2471 and influence each other bidirectionally 1. |n



Europe, about 20 to 60% of CRSWNP patients have asthma 1929 Asthmatic CRSWNP patients have more severe
sinonasal symptoms and worse quality of life; their condition is more challenging to treat, both medically and surgically
(21, They are characterised by tissue eosinophilia, upregulation of type 2 cytokines, and high local IgE levels 1822 The
pathophysiological resemblances of the upper and lower airways have significant implications for both the diagnosis and
management of these common comorbidities 2. In light of the growing understanding of the pathophysiology of
concurrent chronic upper and lower airway diseases, the rationale for targeted therapy that focuses on the underlying
immune mechanisms of both diseases becomes more compelling.

| 4. CRS and Dysbiosis

Originally, the sinuses of healthy individuals were believed to be sterile environments, with CRS emerging as a
consequence of bacterial infection 2. Growing focus on the human microbiome has led to a paradigm shift, and it is now
well-understood that diverse bacterial communities colonise healthy sinuses, where they act in symbiosis [231124],

Research aimed at distinguishing the sinus microbiome in healthy subjects and CRS patients found it to be
heterogeneous, with a dramatic decrease in bacterial diversity, as well as a remarkable change in the percentage of
specific taxa in CRS patients at post-surgical states, compared to healthy controls 23281271 Feaze| et al. revealed that an
enhanced relative abundance of S. aureus is associated with a diminished total bacterial biodiversity. Their study also
demonstrated that elevated exposure to antibiotics is associated with a lower diversity of bacteria. These outcomes
suggest that frequent antibiotic use contributes to a constant disturbance of the sinus microbiome, resulting in chronic S.
aureus colonization 23, Additionally, the total bacterial burden was reported to be the same in both CRS and control
subjects in several studies; however, a noticeable expansion of pathogenic bacteria, particularly S. aureus and
anaerobes, was revealed in CRS patients. Furthermore, patients with CRSWNP, particularly those with comorbid asthma,
possess an increased relative abundance of S. aureus [281(28]29],

A long-term analysis, by Koutsourelakis et al., of the microbiome in CRS sufferers revealed that approximately 25% of the
sinonasal bacterial taxa remain noticeably constant over time 9. These stably abundant taxa existed in both the healthy
control and CRS subjects. These findings were in line with a more recent study by Paramasivan et al., in which the
sinonasal microbiome in a large, multicentre, international cohort of 410 CRS patients and healthy controls was
investigated. They showed that the core microbiome within the middle meatus of patients with or without CRS is
composed of the genera Corynebacterium, Staphylococcus, Streptococcus, Moraxella, and Haemophilus B,
Nevertheless, these main bacterial taxa are accompanied by numerous less abundant taxa that are believed to be
responsible for modifying the community dynamics of the microbial niche Y32, |t is thought that these low-abundant
bacteria are crucial for maintaining microbial homeostasis, and the abundance of S. aureus becomes clinically evident in a
state of chronic inflammation and prolonged use of steroids or antibiotics 221,

Analysing differences in the nasal microbiome within CRS patients is also essential, as nasal polyps might supply niche
microenvironments for bacterial colonisation. CRSwWNP is strikingly linked to the elevated presence of S. aureus,
compared to CRSsNP [ZZB4IBSISEIS7 A enhanced abundance of pathogenic bacteria and loss of protective/commensal
bacterial strains might be a driving factor in the local immune response observed in CRS sufferers. Interestingly, some
bacterial species, including S. aureus, have been proposed to have a protective function in the sinus microbiome under
normal circumstances; nonetheless, in the context of dysbiosis, their presence is linked with an intense local immune
response, as well as disease severity 4. Hence, an imbalanced sinus microbiome or loss of microbiome diversity
appears to be a crucial factor in CRS; however, whether this dysbiosis is a causative or propagative mechanism of
inflammation remains controversial. Dysbiosis might contribute to stimulating an inflammatory response, whereas
inflammation itself can establish an environment that encourages alterations in the local bacterial residents. A
comprehensive analysis of host-microbiome association/interactions, including the analysis of the correlation/effect of
microbial metabolites on host immunity, might shed light on the inflammatory responses of CRS patients [28],

| 5. Staphylococcus aureus

Diverse areas of the human body, such as the sinonasal mucosa, have their own microbiome comprising numerous
microorganisms in low abundance. Any interruption in this balance by a single bacterium’'s overpopulation and
suppression of other bacterial communities can cause a pathologic state. Common infectious agents of the upper
respiratory tract include S. aureus, Haemophilus influenzae, Pseudomonas aeruginosa, and Moraxella catharralis 128!,
Even though no specific bacterial species has been considered the initial aetiologic factor in CRS, a strong emphasis has
been laid on the possible effect of S. aureus and its enterotoxins 4. S. aureus is an important human pathogen that is
responsible for a broad spectrum of diseases, ranging from minor skin and soft tissue infections to life-threatening



conditions, such as endocarditis, osteomyelitis, toxic shock syndrome, and medical device-related infections 4941l The
asymptomatic carriage of S. aureus by humans is the primary natural reservoir, and the anterior nasal mucosa and skin
have been thought to be the major ecological niche in more than 50% of the general population “2. The precise
prevalence of S. aureus colonisation in human sinuses is not entirely known; however, it has been reported that about
64% of CRSWNP sufferers exhibit nasal cavity colonisation with S. aureus, compared to only 33% and 20% of CRSsNP
and healthy control subjects, respectively 22, CRS patients colonised with particular pathogenic strains of S. aureus tend
to maintain the same strain for a long period of time, despite frequent antibiotic treatments, implying either a resistance to
antibacterial agents or presence of a reservoir for bacterial recolonization 42!,

| 6. Staphylococcal Biofilm

S. aureus is notorious as the most frequent agent that causes hospital-acquired infections, and the emergence of
antibiotic-resistant strains, such as the methicillin-resistant S. aureus (MRSA), challenges healthcare systems worldwide.
Strains of S. aureus with increased virulence, known as community-acquired MRSA (CA-MRSA), can also pose a threat to
healthy individuals 44!, Thus far, no candidate vaccine has proven effective against S. aureus infections. This highlights
the urgent need to better understand how the bacterium interacts with the host immune system, in order to avoid or
prevent protective immunity 45, The remarkable success of S. aureus as a pathogen might be due to the numerous
measures it takes to protect itself against the host's immune system, including the biofilm’s mode of existence. Bacteria
present in biofilm express different genes and proteins from their planktonic counterparts ¥847 and they are more
resistant to antimicrobial therapy and host defenses 48,

Biofilm forms when planktonic bacteria organise into three-dimensional, multilayered colonies. Biofilm is the ideal mode of
existence for an estimated 99% of bacteria. There are several significant differences between the bacteria that establish a
biofilm and their planktonic counterparts, with respect to growth dynamics and genetic expression B4BAEL The formation
of a bacterial biofilm is an intricate process. Primarily, sessile planktonic bacteria attach to a surface and create
microcolonies B2, |nitial adherence is shaped by feeble van der Waals forces and might require bacterial flagella 2!,
Upregulation in the expression of cell adhesion structures, such as pili, creates robust and permanent interaction 24,
Once bacteria attach to a surface, they initiate the proliferation and secretion of an extracellular polymeric substance
(EPS) matrix, consisting mainly of polysaccharides, proteins, and extracellular nucleic acids 521, The EPS matrix protects
the biofilm inhabitants against environmental stress. As the biofilm grows, the concentrations of some signalling
molecules, such as cyclic di-guanosine monophosphate (c-di-GMP), increase and lead to alterations in intracellular
signalling. This molecule functions to trigger biofilm maturation through the modulation of cell-to-cell adhesion, quorum
sensing, metabolic activity, stress response, and the phenotypic conversion from the planktonic form to the biofilm form
1561, Upon biofilm maturation, bacteria within the biofilm transcribe DNA in a synchronised manner, demonstrating the
features of a single multicellular organism that can colonise host tissues. Next, biofilms spread by dispersing free-floating
planktonic bacteria 22, These bacteria can attach to distant spots in the host 28],

Due to their highly efficient adaptation mechanisms to changing environments, bacterial biofiims have mastered
coordinated defence mechanisms that render them over 1000-fold more resistant to antimicrobial therapy and host
defenses than that of their planktonic form 8. The prevalence of bacterial biofilms in the paranasal sinuses of CRS
patients has been reported in about 42-80% of patients, with a notably higher prevalence in CRSwNP BLIEI[60I[61][62] The
most frequently detected organisms in the composition of CRS biofilms are S. aureus, Haemophilus influenzae, and
Pseudomonas aeruginosa €384 Clinically, biofilm-positive CRS sufferers tend to have a higher severity of disease
preoperatively, as well as a persistence of postoperative symptoms, infection, and inflammation of the sinonasal mucosa
(48651 CRS biofilms, particularly those dominated by S. aureus, are associated with an unfavourable prognosis and
disease recalcitrance, and existing medical therapies fail to eliminate the mucosal bacterial biofilms [ESIEZE8] Additionally,
a recent study by Cirkovic et al. evaluated the bacterial biofilm production in CRSwWNP patients, and S. aureus resulted in
being a stronger biofilm-producing bacterium, compared to other bacterial species that exist in patients’ polymicrobial flora
691 On the other hand, bacterial biofilms have also been found in healthy individuals’ sinonasal mucosa, implying that
these biofilms might be a normal component of the regular respiratory mucosal blanket 9. However, with the lack of
precise, convincing evidence that the inflammation in CRS is triggered by bacterial biofilms, the presence of inflammation
might be considered a secondary consequence of chronic mucosal immune dysfunction and/or mucociliary impairment &,

| 7. Staphylococcal Virulence Factors

The virulence of Staphylococcus aureus is generally considered to be multifactorial, due to the combined activity of an
arsenal of virulence determinants that promote tissue adhesion, immune evasion, and host cell damage [ These
virulence factors consist of structural factors and secreted molecules (exoproteins) (Figure 1) 72, In addition to S. aureus



biofilm, a better understanding of each virulence factor’s functions and mechanisms of action is essential for enhancing
the prognosis of patients suffering from CRS.
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Figure 1. Virulence factors of Staphylococcus aureus.

| 8. Immune Response in CRS

CRS is an inflammatory disease, and various cells, including epithelial cells, endothelial cells, fibroblasts, mast cells,
neutrophils, eosinophils, dendritic cells, T cells, and B cells, have been demonstrated to be involved in its immune-
inflammatory network. These cells normally exert their effect by secreting various mediators, such as cytokines,
chemokines, antibodies, and eicosanoids 23],

Failure in the protective measures of the upper respiratory system can lead to the persistence of microbial colonisation,
secretion of cytokines and chemokines, recruitment of various immune cells, and activation of inflammatory pathways (241,
The innate immune system represents the first line of defence against inhaled pathogens and foreign substances, and it
relies on a large family of pattern recognition receptors (PRRs), which identify distinct evolutionarily conserved structures
on pathogens, termed pathogen-associated molecular patterns (PAMPs). The most widely studied PRRs are known as
toll-like receptors (TLRs). The binding of PAMPSs, including foreign nucleic acids, chemical products, or physical
structures, to the ligand-domain of TLRs triggers downstream signal transduction, thus leading to secretion of
proinflammatory molecules, such as chemokines and cytokines, which boost the antigen presentation, induction of co-
stimulatory molecules of dendritic cells, recruitment of immune cells, and finally, orchestrate the early host response to
infection 73],

| 9. CRS Inflammatory Endotypes

Endotypes of CRS are commonly characterised based on underlying immune responses and cellular differentiation,
specifically CD4+ T helper (Th) cells, CD8+ cytotoxic T (Tc) lymphocytes, and ILCs, which regulate the expression of
various chemokines and cytokines L8IZ3I76] The type 1 response is mainly associated with CRSsNP and is predominately
defined by the increased neutrophils linked to myeloperoxidase and elevated secretion of IFN-y, IL-2, and TNF-a from
ILC1, Tcl, and Thi cells A8, Type 2 inflammation is associated with CRSWNP in Caucasian patients, and it is primarily
characterised by high levels of eosinophils and increased quantities of IL-4, IL-5, and IL-13 from ILC2, Tc2, and Th2 cells,
as well as large amounts of eosinophil cationic protein (ECP). Total IgE and S. aureus enterotoxin-specific IgE are also
increased in patients with CRSwNP R8I Finally, type 3 immune response, which has recently been reported to be

dominant in Asian patients with CRSwWNP, is associated with elevated IL-17 and IL-22 cytokines from ILC3, Tc17 cells, and
Th17 cells (22181,



| 10. Current Therapeutic Strategies for CRS

CRS patients are primarily treated with standard medical therapy, based on the current consensus guidelines 2], Nasal
irrigation and intranasal steroids are considered the backbones of the pharmacological therapy of CRS, while systemic
steroids and antibiotics function as the main relievers during exacerbation onset. Topical steroids have demonstrated
beneficial effects in reducing inflammation in CRS patients, with limited side effects. Strong evidence asserts that
intranasal corticosteroids efficiently diminish CRS symptoms and polyp development in the nasal cavity 3. Adjuvant
medical therapies in CRS include low-dose macrolides, leukotriene antagonists, topical antibiotics, and oral anti-fungal
medicines [B4],

Surgery is commonly executed when all attempts at successful medical intervention fail B2, Diverse surgery options exist,
varying from simple polypectomy to the complete removal of the polypoid mucosal tissue from the sinuses B8],
Endoscopic sinus surgery (ESS) is a minimally invasive surgical procedure for CRS that aims to restore sinus ventilation
and drainage by opening the main areas and maintaining the sinus mucosa W. Furthermore, effective avoidance
measures for the target allergen and allergen immunotherapy (AIT) are other well-known strategies BZ. AIT is a highly
effective therapeutic approach for allergic disorders, and it induces a long-lasting allergen tolerance by altering the
disease course [,

Numerous potential CRS biomarkers have also been described in the literature but have yet to be clinically validated as
indicators of severity or treatment outcome. Eosinophils, IL-4, IL-5, IL-13, and IgE are well-known biomarkers of type 2
inflammation, and some of these are targets for the current biological therapies. Regulatory T cells, IL-25, IL-33, and
TSLP are other promising candidates; however, further research is required to validate their role as type 2 biomarkers 88!
(891 pespite discovering many potential biomarkers, it is unclear how they can be translated to the bedside 2%, A phase 3
study of duplilumab, a monoclonal antibody (mAb) against IL-4Ra, reported considerable benefits for patients, regardless
of the peripheral eosinophil count 1. The results of phase 2 mepolizumab (anti-IL-5 mAb) found that baseline peripheral
eosinophils do not predict improvement in CRSwWNP [ Dexpramipexole (an anti-eosinophilic synthetic
aminobenzothiazole) reduced the number of eosinophils in peripheral blood and nasal polyp tissue; however, the size and
symptom scores of nasal polyps did not change 28, The use of omalizumab (anti-IgE mAb) reduced the size of nasal
polyps and improved sinus CT scores but had no significant impact on nasal IgE 24, The use of duplilumab and
omalizumab has been approved by the FDA for difficult-to-treat CRSWNP 231, However, their effects on patients with
mixed inflammatory patterns are unknown, and factors such as long-term safety [28 and cost-effectiveness 24 need to be
considered. On the other hand, there are currently no clinical biomarkers indicative of non-type 2 inflammation, which
remains an unresolved issue.

Considering that recalcitrant CRS is often found in association with S. aureus biofilms, therapeutic strategies targeting this
bacterium’s biofilm or virulence factors might be beneficial. Increasing antibiotic resistance among S. aureus strains
emphasises the necessity for alternative treatments. Anti-virulence treatments, including antibodies, nanoparticles,
RNAIll-inhibiting peptides, antimicrobial peptides (AMPs), natural compounds, and vaccines that directly or indirectly
neutralise S. aureus toxins, have been investigated, and some of them have shown promising effects (28, However, there
is currently no vaccine against S. aureus. As mentioned earlier, S. aureus secretes a broad spectrum of toxins during the
colonisation and infection of the host, making vaccine development challenging. IBT-VO2, as a promising multivalent
vaccine, is currently under investigation. a-toxin, PVL, LukS, LukF, LukAB, enterotoxins A and B, and TSST1 toxoids are
all included in this vaccine. After completing the encouraging pre-clinical phase, it has entered a phase | clinical study 22,
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