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Abstract 

Chronic rhinosinusitis (CRS) is a heterogeneous disease characterised by inflammation 

of the nose and paranasal sinuses, which results in nasal obstruction, rhinorrhoea, post-

nasal drip, facial pressure, and alterations in smell. The pathophysiology of CRS is 

complex and involved interactions between the host, microbial flora, and environment. 

Studies have shown that the mucosa of CRS sufferers demonstrates signs of defective 

barrier function, although little is known about the contributing factors to this process. 

Understanding epithelial barrier dysfunction in the gastrointestinal, skin, and 

pulmonary systems highlights the various contributing factors to this process, which 

may be paralleled in the paranasal sinuses. It appears that bacterial mediated 

mechanism, inflammatory surroundings, and the divalent metal zinc are important in 

these systems. Staphylococcus aureus has been implicated in the pathogenesis and 

persistence of CRS, poorer wound healing, and increased disease severity. Additionally, 

it is known that S. aureus secretes an unknown factor that perturbs the airway barrier 

in-vitro. Previous research has suggested that zinc concentrations may be lower in CRS, 

particularly in patients with nasal polyposis, however little is known about the 

consequences of localised zinc deficiency in CRS. 

This thesis examines the S. aureus secretome to elucidate the factor or factors involved 

in barrier disruption. Furthermore, the role of zinc in mucosal barrier integrity and CRS 

has been delineated. 
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Chronic Rhinosinusitis 

Definition 

The term rhinosinusitis defines a broad group of disorders all characterized by 

inflammation of the nose and paranasal sinuses. The International Rhinologic Society’s 

European Position Paper on Rhinosinusitis and Nasal Polyps (EPOS) defines 

rhinosinusitis in adults as inflammation of the nose and paranasal sinuses characterized 

by two or more symptoms of nasal obstruction, rhinorrhoea, post nasal drip, facial 

pressure, or loss of smell. This must be accompanied by nasal endoscopic signs of 

oedema, nasal polyps, and mucopurulent discharge or computerised tomography (CT) 

scan evidence of sinus mucosa inflammation.1 

Acute rhinosinusitis disorders have a duration of less than 12 weeks and includes 

common cold/acute viral rhinosinusitis, acute post-viral rhinosinusitis, and acute 

bacterial rhinosinusitis (ABRS). Chronic rhinosinusitis (CRS) has duration of more than 

or equal to 12 weeks, and diagnosis can be subdivided into patients without nasal 

polyposis (CRSsNP) and with nasal polyposis (CRSwNP).1 

Other sub-classifications exist to define different presentations such as aspirin 

exacerbated respiratory disease (AERD), allergic fungal rhinosinusitis (AFRS), recurrent 

acute rhinosinusitis (RARS) and recalcitrant CRS (rCRS).1,2 There has been recent 

interest in further inclusion of the underlying pathogenic mechanism as a method of 

classifying patient endotypes.3 Examples of novel CRS endotypes are: 

− Response to treatment (responsive or resistant to: corticosteroids, antibiotics, or 

newer agents such as anti-IL-5 or anti-IgE) 

− Unique inflammatory profiles of nasal polyps 

− Presence of circulating biomarkers (blood eosinophils, specific IgE) 
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The further understanding of CRS and its pathogenesis will contribute to the 

differentiation of currently used and emerging subtypes, and their applications both 

clinically and in research. 

 

Epidemiology 

There is considerable variation in the prevalence of CRS and its sub-classifications 

reported in the literature. This is likely an outcome of various methodologies in data 

collection, difficulties in diagnosis, and nomenclature. The most recent data on the 

prevalence of CRS in Australia estimates that 1.9 million or 8.7% of the population are 

affected. This was based on self-reported surveys by the Australian Bureau of Statistics 

conducted in 2011-12.4 The Australian Institute of Health and Welfare has found that 

sinusitis accounts for 1.4% of all general practitioner encounters, and is listed as among 

the most frequently managed problems.5 In a study of 313 participants conducted in 

Melbourne, Australia, the rate of self-reported doctor-diagnosed CRS was 10.9%, 

however symptom criteria based diagnosis only estimated a 2.9% prevalence.6 

Internationally similar estimates have been reported. The GA2LEN European study 

collected 57,128 questionnaires across 12 countries, with questions derived from the 

clinical criteria within EPOS. This identified a self-reported CRS prevalence of 10.9% 

(range 6.9-27.1%) and a self-reported doctor-diagnosed CRS prevalence of 5% (range 1.1-

18.1%).7 Given this available data and the inherent problems in diagnosis of CRS the 

prevalence lies between 2.9–10.9%. 

The reliable differentiation between CRSsNP and CRSwNP is only possible with nasal 

endoscopy, however the task of performing this on a population scale is difficult. 

Questionnaire based tools have been developed to facilitate this on a large scale at a 
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lower cost, although these questionnaires rely on a known presence of nasal polyposis 

to the patient or previous sinus surgery.8,9 The incidence of nasal polyposis seen on nasal 

endoscopy in the general population is between 2.53-2.7%.10,11 The proportion of CRS 

patients with CRSwNP is reported to be 24-36%.12,13  

As a chronic disease CRS is associated with significant economic burden, in both direct 

and indirect costs. The cost of CRS has not been estimated in Australia, however data 

from North America emphasizes key issues. The most recent estimates of overall direct 

costs of CRS management were $9.9 billion USD per annum (adjusted USD, 2014) in the 

USA.14 While the indirect costs are an estimated $12.8 billion USD per annum, which is 

a result of productivity loss (number of missed work days).15 The annual direct medical 

costs per patient with CRS is $5,560 to $5,955, while for a non-CRS patient is $4,743-

$5,008.16 The indirect costs per person per annum associated with refractory CRS are 

greater than other chronic diseases such as asthma or diabetes, with an estimated cost 

of $8,150 to $10,077.15 

 

Pathogenesis 

Basic science research in the field of CRS highlights the difficulties in understanding the 

pathogenesis of this group of disorders. As previously mentioned CRS can be classified 

as with or without polyps, however within these groups remains significant 

heterogeneity. This heterogeneity is thought to be due to the complex relationships 

between the host, microbes, and environmental triggers. Current etiological 

descriptions include, but are not limited to the impaired innate immunity, dysregulated 

adaptive immune responses, fungal hypothesis, Staphylococcus aureus (S. aureus) and 

superantigen hypothesis, sinonasal microbiome, and microbial biofilms. 
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Impaired innate immunity 

The mucosal barrier and innate immune system of the sinonasal cavity provide the 

initial interface for interaction between host, environment and microbial organisms.  

The mucosal barrier defenses include the physical barrier produced by intact sinonasal 

mucosa, mucociliary clearance, and also secreted antimicrobial products. Beyond the 

mucosa there is potential for activation of inflammatory cells (neutrophils, 

macrophages, lymphocytes, eosinophils) along with other cells within the epithelial 

layers such as dendritic cells, fibroblasts, and innate lymphoid cells.17 

The sinonasal mucosa forms the cellular barrier to incoming pathogens, particles, and 

allergens. Each cell is in contact with its neighboring cells and bound by intercellular 

junction complexes, which include tight junction, adherens junction, gap junction and 

desmosome proteins.18 Recent interest in this innate barrier has highlighted its potential 

importance in CRS, with evidence that pathogens can alter barrier integrity and also 

recognizing the underlying barrier defects in CRS.19,20 The subject of epithelial barrier 

dysfunction is elaborated on below. 

Cilia within the sinonasal cavity beat in a coordinated manner to clear overlying mucus, 

which has trapped particulate matter and pathogens. The mucus layer is composed of a 

viscous superficial layer “gel phase” and a deeper layer “sol phase” which is mostly water 

and electrolytes.21 Mucus is then propelled to the nasopharynx and swallowed. Several 

abnormalities of this mechanism have been recognised within CRS. Initial in-vitro 

studies showed that ciliary activity was markedly diminished in the presence of 

Haemophilus influenzae (H. influenzae) and Staphylococcus epidermidis (S. epidermidis) 

caused loss of coordinated ciliary motion.22 S. aureus hemolysin alpha toxin (HLA) can 

completely abolish ciliary beat within 12 hours of exposure to nasal epithelial cells.23 
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Staphylococcal superantigen A (SEA) decreases ciliary beat frequency (CBF) when 

instilled in rabbit paranasal sinuses, however it also results in rhinosinusitis.24 It is 

possible that the effects on CBF are due to the inflammatory mediators present rather 

than SEA itself. Chen et al., (2006) found that CRS patients have a blunted CBF response 

to external stimuli, and the authors suggested that chronic inflammation within the 

sinuses leads to down-regulation of receptors that regulate CBF response.25 

Interestingly, ex-vivo experimentation has shown that once CRS mucosa is removed 

from the inflammatory environment then the blunted response can be reversed within 

12–36 hours.26 

Potential threats are recognised by pattern recognition receptors (PRRs), which identify 

conserved pathogen-associated molecular patterns (PAMPs).17 The most widely studied 

PRRs are Toll-like receptors (TLRs), however there is recent interest in novel receptors 

such as retinoic acid-inducible-like receptors, nucleotide and oligomerization domain-

like receptors, protease activated receptors (PARs), and taste receptors.17,18 TLRs are 

transmembrane glycoproteins with extracellular and intracellular domains. Recognition 

of a PAMP to its reciprocal TLR results in downstream activation of inflammatory 

processes.18 TLR expression in CRS is differentially represented. CRSsNP mucosa shows 

a reduction in TLR4, TLR7, and their downstream protein MyD88, while CRSwNP 

mucosa shows upregulation of TLR2, TL4, TLR7, and an increase in IL-4 within nasal 

polyp tissue.27 Additionally, PAR2 is upregulated in ARS and CRS, which is activated by 

local serine proteases such as those produced by bacterial and fungal organisms.28 

Activation of PAR2 leads to IL-8 and GRO- chemokine production via NF- 

signalling.28 Sweet (T1R) and bitter taste (T2R) receptors in relation to CRS have been 

the focus of recent investigation. It is hypothesised that these taste receptors regulate 

antimicrobial peptide secretion into nasal mucus. During infection mucosal glucose is 
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consumed, which then switches on the bitter taste receptor to mount a response against 

the pathogen.29 A bitter taste receptor polymorphism T2R38 has been recognized as an 

independent risk factor for failing medical therapy for CRS.30 

Type 2 innate lymphoid cells (ILC2) are considered to be particularly important in the 

inflammatory response in CRSwNP. ILC2 cells have been shown to produce IL-5, IL-9, 

and IL-13 in the initiation of Th2 type inflammation, and may support switch from a Th1 

to Th2 inflammatory environment.31 ILC2 are stimulated by IL-25 and IL-33 expression, 

which are upregulated during activation of PRR.32 Miljkovic et al., (2014) found that 

ILC2 numbers are significantly increased in nasal polyp tissue from CRSwNP patients, 

and a positive association with allergy positive patients.33 They also confirmed that IL-5 

and IL-13 were upregulated in CRSwNP patients compared to either CRSsNP or control 

patients.33 Furthermore, it has been shown that ILC2s are associated with increased 

tissue eosinophilia and absence of neutrophilic infiltrate regardless of CRS phenotype.34 

Host secreted antimicrobial molecules have been implicated in CRS from several 

mechanistic classes such as collectins, binding proteins, enzymes, opsonins, and 

permeabilizing proteins.1 Surfactant protein-A (SP-A) is a collectin secreted protein 

found in the upper and lower airways.35 SP-A acts as a mobile PRR and binds to viruses, 

bacteria and fungi within the airways for immune mediated recognition, however they 

also regulate local immune activation and support surfactant structures and 

metabolism.36 SP-A mRNA and protein are both significantly upregulated in CRS 

patients, however it is not known if this is a local response to inflammation or 

contributing to a defective innate immunity.35 More recently Uhliarova, et al., (2016) 

identified that SP-A is augmented in nasal lavage fluid from CRSsNP patients, but not 

from controls or CRSwNP.37 The increase in SP-A was associated with more severe 

disease and positive culture of a pathogen.37 Lactoferrin is a binding protein present in 
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upper airways and is one of the most abundant in sputum.38 CRS patients, in particular 

those with nasal polyps exhibit reduced mRNA expression and protein production of 

lactoferrin.39 Other antimicrobial product abnormalities in CRS include higher 

complement factors C3a and C5a, reduced SPLUNC1 and LPLUNC2 in CRSwNP, 

increased cathelicidin (LL-37) in eosinophilic CRS, and elevated antimicrobial lipids.40–

43 

 

Dysregulated adaptive immune response 

The adaptive immune response is also believed to contribute to the inflammation seen 

in CRS, with observed abnormalities in T cell representation, naive B cells, plasma cells, 

and altered immunoglobulin activity. 

Research has shown that the total number of T cells are increased in CRSwNP and a 

larger percentage of Th2 cells, which have a propensity to produce IL-4 and IL-5 

cytokines.44 This may be partly explained as a downstream consequence of the 

upregulated innate ILC2 in CRSwNP.33 Conversely, CRSsNP is associated with a Th1 type 

polarization, and subsequent high IFN- and TGF- expression.45 A flow cytometry 

study by Miljkovic et al., (2016) identified that Treg and Th17 cells were locally enriched 

in nasal polyps from CRSwNP patients.46 It is known that Treg cells are capable of 

suppressing the Th1 pathway, and Th17 cells are associated with IL-17 production.47,48 

Miljkovic and colleagues hypothesized that these two cells are a major driving force in 

polyp formation.46 

B cells and their effector functions have been implicated in sinus inflammation. Van Zele 

et al., (2007) compared the concentrations of immunoglobulin classes in serum and 

tissue homogenate from CRS and control patients.49 This study found that IgE, IgA, and 

IgG are significantly elevated in nasal polyp tissue, however this was a local tissue finding 
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with no evidence of elevation in serum. All subclasses of tissue homogenate IgG (IgG1, 

IgG2, IgG3, IgG4) were increased compared to controls. Interestingly, the percentage of 

subclass IgG4 was positively associated with total IgE concentrations and specific IgE 

antibodies to staphylococcal enterotoxin.49 IgG4 has been associated with several 

inflammatory and autoimmune diseases, and Th2 cytokines are thought to promote its 

production.50 The exact role of IgG4 in disease modification is still unclear as to whether 

it acts as a protective response to limit inflammation or is involved in the pathogenesis.50 

A previous study showed that B cell-activating factor (BAFF) protein and mRNA 

expression are significantly upregulated in CRSwNP when compared to control and 

CRSsNP patients.51 This was observed in polyp tissue, however all CRSsNP comparison 

tissue was harvested from inferior turbinate mucosa and is likely not representative of 

the underlying disease process. Nasal lavage showed detectable BAFF in 5 of the 12 

CRSwNP patients, which highlights a subset of patients that are capable of BAFF 

secretion and possibly more local B cell expansion and activation.51 Other studies have 

identified increased B cell recruiting chemokines and autoantibodies (anti-dsDNA IgG 

and IgA) in CRSwNP.52,53 

More recently, Yoon et al., (2014) confirmed that BAFF and a proliferation inducing 

ligand (APRIL) were both increased in the subepithelial layer of non-eosinophilic and 

eosinophilic polyps.54 They also identified correlations in CRSwNP between BAFF, IgA 

production and B cells using a CD20 marker. BAFF positive cells are co-localized with 

CD11b positive cells, which includes innate inflammatory cells such as natural killer cells, 

monocytes, granulocytes, and macrophages.54 

Psaltis et al., (2013) utilized flow cytometry techniques to identify a statistically 

significant increase in naive B cells, activated B cells, and memory B cells in both atopic 

and nonatopic CRSwNP patients when compared against controls.55 Additionally, 
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CRSsNP patients showed an increase in naive B cells, and the atopic CRSwNP patients 

were the only group to have mucosal plasma cells.55 The presence of B cells at all stages 

of maturation supports the hypothesis that local B cell expansion is occurring in CRS, 

more so in CRSwNP. The etiology of this is still unknown, although it could be a result 

of microbial factors or downstream to another dysregulated immune response. Miljkovic 

et al., (2017) identified that TLR CD180 expression is increased in CRSwNP mucosa, with 

a reciprocal paucity of CD180 on circulating B cells.56 CD180 is a TLR homolog and 

negatively regulates the binding of microbial ligands and endotoxins to TLR4.57 The 

increase of CD180 in CRSwNP is a potential contributor to the abnormal or dysregulated 

response against pathogens. 

Recent work by Lau et al., (2016) has identified that mucosal tertiary lymphoid organs 

(TLOs) are formed in patients with CRSwNP.58 TLOs are immune cell aggregates that 

are formed de novo in  non-lymphoid tissue into a highly organized structure containing 

follicular dendritic cells, B cells, and surrounded by high endothelial venules.59 TLOs 

form in response to chronic inflammation and are thought to be involved in maintaining 

balance between the mucosal immune system and commensal organisms.59 This novel 

finding gives further insight into the ongoing inflammation seen in CRSwNP, as once 

TLOs are formed they will continue to generate an adaptive immune response, at least 

until the antigen trigger is eliminated. 

 

Fungal hypothesis 

The sentinel paper that hypothesized the relationship between CRS and fungus found a 

high prevalence (>90%) of positive fungal cultures in new cases of CRS, and presence of 

eosinophilic mucin. It was thought that most CRS presentations may actually be AFRS, 

and were previously underdiagnosed due to culture technique limitations. Based on 
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these findings they considered the majority of inflammation in CRS patients to be driven 

by eosinophilic inflammation aimed at the extramucosal fungal elements.60 This was 

supported by the heavy presence of eosinophils and the eosinophilic  toxin (major basic 

protein) found in CRS mucus.61 Although, follow up studies failed to show similar 

culture results achieving only 49% positive fungal cultures compared to positive 

bacterial cultures in 88% of cases.62 In 2003, an European paper utilized newer culture 

techniques and identified a similar prevalence of fungus in CRS to the initial study, 

however this was also seen in healthy controls.63 Unfortunately the current literature 

does not show a positive response to topical or systemic anti-fungal therapy for CRS.64,65  

Despite this, the evidence suggests that fungus may be important as a disease modifier. 

In-vitro exposure of peripheral blood lymphocytes to fungal extracts of Aspergillus and 

Alternaria results in modest increases in the cytokine IFN-. Interestingly, when the 

fungal extracts are combined with staphylococcal superantigen B (SEB) there is a potent 

synergistic response.66 

 

Staphylococcal enterotoxins/superantigens 

Staphylococcal superantigens (or enterotoxins) have been a focus in CRS due to their 

roles in disease modification of atopic dermatitis, and unstable asthma. Superantigens 

are able to continuously and strongly stimulate T lymphocytes by binding to MHC class 

 and the T cell receptor outside of the usual peptide binding groove. This in turn leads 

to massive local cytokine production and inflammatory cell recruitment.67 In 2001, a 

study demonstrated a subset of CRSwNP patients with Staphylococcal Enterotoxin A 

and B specific IgE in their nasal polyp tissue.68 Further to this, superantigens were found 

in 55-73% of either the mucus of CRSwNP patients or S. aureus strains isolated from the 

sinonasal cavity.69,70 S. aureus superantigens have been identified within lymphoid 
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follicle-like structures in nasal polyp tissue. Interestingly, these structures are associated 

with polyclonal B cell responses, high IgE antibody concentrations, and eosinophilic 

inflammation.71 IgG and IgE production is upregulated in CRSwNP patients with IgE 

antibodies specific for superantigens, and isotype switching from IgG2 to IgG4.49 This is 

particularly noteworthy since IgG4 related diseases have been linked to Th2 phenotype 

responses, and increased tissue IL-4, IL-5, and IL-13.72 

 

Sinonasal microbiome 

The sinonasal microbiome hypothesis has developed upon the idea that in health the 

native microbial flora of paranasal sinuses is in balance within the host. It is 

hypothesised that a triggering event (possibly viral infection, or antibiotic overuse) 

precipitates a shift in the microbiome causing dysbiosis and potential overgrowth of 

more pathogenic organisms, and then subsequent sinonasal inflammation.73 This has 

been made possible by the use of culture independent 16s molecular techniques.73 

Although paranasal sinus research in this field is relatively new, it has been heavily 

studied in the gastrointestinal tract.74 This led to the development of a gastrointestinal 

microbiome transplant, which has proven to be a particularly successful treatment for 

inflammatory bowel disease and associated recurrent Clostridium difficile (C. difficile) 

infection.75 

The studies examining the bacterial microbiome between healthy and CRS afflicted 

patients have suggested that factors such as an abundance of particular organisms, 

overall diversity, reduction in probiotic commensals, and presence of anaerobic bacteria 

play roles in disease inflammation and outcomes.73,76,77 There are a handful of fungal 

microbiome studies utilizing non-culture techniques. One study aimed at 36 species of 

fungi suggested there may be a subset of CRS patients with a susceptibility to fungal 
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growth. Following this, expanded techniques using 18S rDNA sequencing found a 

significantly decreased prevalence of Malassezia, an increase in fungal diversity, and 

dominant Cryptococcus neoformans in CRS.78 Another 18S rDNA study confirmed a 

reduction in the abundance of Malassezia.79 Currently there is no literature on the CRS 

virome, however recently the human virome of several body sites (nose, skin, mouth, 

vagina, and stool) has been described, demonstrating complexity and variation between 

sites.80 Future studies may need to incorporate all aspects of microbiome to completely 

understand the dynamic relationship with the host, and the microbiome effects on 

disease. 

 

Microbial biofilms 

Microbial biofilms are highly organized structures consisting of a community of 

microbes encased in an extracellular matrix formed by polysaccharides, extracellular 

nucleic acids, and proteins. Biofilms are irreversibly attached to a surface (mucosa) and 

the metabolism of microbes in a biofilm state is dramatically slowed.81 All these features 

contribute to its ability to withstand host defenses and exogenous antibiotics, with 

biofilm antibiotic resistance measures ranging from 10 – 1000 fold more than planktonic 

bacteria.82 Furthermore, biofilms present a constant source of viable bacteria and 

bacterial extracellular products which are released from the biofilm matrix.81 

Initial research identifying biofilm as a possible contributor to CRS comes from Cryer et 

al., (2004).83 Mucosal samples from patients undergoing revision sinus surgery or office 

based debridement were examined with scanning electron microscopy. This small series 

of 16 specimen samples demonstrated structures resembling biofilm in 4 samples, and 1 

of the 4 showing visible bacteria on the biofilm surface.83 Even at this preliminary stage 

it was hypothesized that this may be the link to understanding recalcitrant CRS. Shortly 
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after this Sanclement et al., (2005) published a small series comparing mucosa from 4 

controls and 30 CRS patients, which identified biofilm on 80% of the CRS mucosa while 

control mucosa remained healthy.84 The first attempt at defining biofilm as a prognostic 

factor in CRS was by Bendouah et al., (2006).85 This study cultured sinonasal bacteria 

from 7 CRSsNP and 12 CRSwNP patients and determined their biofilm forming capacity 

in-vitro. Patient outcomes were only deemed as favorable or unfavorable in terms of 

disease evolution following surgery at 12 months follow up. They concluded that poor 

disease evolution was associated with biofilm formation in-vitro for both S. aureus and 

Pseudomonas aeruginosa (P. aeruginosa).85  

Psaltis et al., (2007) conducted a prospective study comparing mucosal biofilm in CRS 

and control patients undergoing endoscopic sinus surgery (ESS).86 Mucosal specimens 

were examined with confocal scanning laser microscopy, identifying that biofilms in 

CRS contained viable microbes, and demonstrated their presence in 44% of CRS patients 

and absence in all controls. Interestingly, there were no differences in bacterial or fungal 

culture rates in biofilm positive and negative patients using traditional culture 

techniques. This was the first study to correlate in-vivo biofilm positivity with more 

severe sinus disease by demonstrating a significant difference in CT scans using the Lund 

McKay scoring system.86 

Utilization of fluorescent in situ hybridization (FISH) probes allowed demonstration of 

fungal elements co-existing within CRS and AFRS bacterial biofilms.87 Although this was 

a preliminary study, it highlighted the potential of bacterial and fungal biofilms to act 

symbiotically. Foreman et al., (2008) further elucidated the role of poly-microbial 

biofilms in CRS, confirming biofilm presence in 72% of CRS patients, with over half 

having two or three organisms per biofilm.88 Fungal organisms were identified with a 

biofilm forming bacteria in 25% of these patients. An in-vivo sheep model of sinusitis 
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displayed that fungal colonization only occurs after destruction of cilia after bacterial 

biofilm development, giving insight into the pathogenesis of this symbiotic 

relationship.89 

Zhang et al., (2009) presented a cohort of CRS patients and reiterated the relationship 

between biofilm positivity and more severe sinus disease as seen on CT imaging.90 In 

addition to this they found that intraoperative biofilms were associated with worse 

postoperative endoscopy scores, and if biofilm was present 6 months postoperatively 

then these patients will report worse symptoms scores and exhibit more severe disease 

on both endoscopy and CT scoring.90 Another study by Singhal et al., (2010) further 

elaborated on the post-operative effects of biofilm presence over an 18 month period, 

showing that biofilm positive patients had increased outpatient attendance, poorer 

symptom scores, and substantially worse endoscopy scores.91 

It is not entirely understood how microbial biofilms influence the underlying mucosa 

and immune system, conversely biofilm could be an opportunistic occurrence following 

an initial insult to sinonasal mucosa or abnormal host environment. Psaltis et al., (2008) 

showed that the antimicrobial protein lactoferrin was significantly reduced at mRNA 

and protein levels in biofilm positive CRS mucosa.92 It is still unclear if this is an innate 

defect in lactoferrin production or secondary to biofilm colonization/bacterial secreted 

products. Another study indicated that S. aureus biofilms may be a deposition site for 

superantigens, and that S. aureus biofilm is associated with higher levels of IL-5, IL-6, 

and eosinophil cationic protein (ECP).93 Furthermore, Th2 skewing has previously been 

thought to be caused by superantigen, however this study identified biofilm as another 

independent cause of a Th2 immune response.93 There is evidence that surface mucosal 

S. aureus biofilm may result in intracellular infection.94 Tan et al., (2013) showed that 

CRS patients with biofilm and intracellular S. aureus infection were significantly more 
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likely to have early and late re-infection of S. aureus confirmed with culture techniques, 

when compared to only biofilm positive.95 

The current and continuously growing evidence on CRS pathogenesis supports an 

important focus on both host and external factors. There remains a lack of work 

identifying and understanding factors that occur in the early development of CRS, 

however multiple disease modifying factors have been proposed. 
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Mucosal Epithelial Barrier 

Structure and function of the intercellular junction complexes 

The intercellular junction complexes are classically divided into tight junctions (TJ), 

adherens junctions (AJ), gap junctions (GJ), and desmosomes. The TJs form the most 

apical intercellular connection, followed by AJs, GJs, and desmosomes respectively 

(Figure 1). The components of the intercellular junction are regulated by several factors, 

which either interact directly or indirectly via signalling processes that result in dynamic 

changes of the barrier. 

 

Figure 1. Schematic diagram of the intercellular junction. 

Schematic demonstrating the position of TJ, AJ, GJ, and desmosomal complexes at the intercellular 

junction of neighbouring cells. 
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Tight Junctions 

TJs form intercellular connections with neighbouring cells to create a regulated 

semipermeable barrier to the paracellular space. Additionally, they also coordinate the 

orientation of epithelial cells to ensure the apical and basolateral cell interfaces are 

aligned; known as the fence function. The basic structure of TJs consists of 

transmembrane components (integral) and scaffolding components (peripheral). The 

scaffolding components are intimately associated with the cellular actin cytoskeleton 

and AJ structures. Several authors have demonstrated that the paracellular barrier 

function can be divided into two separate routes: the pore and the leak pathways.96–98 

The high capacity pore pathway primarily allows passage of small ions of less than ~4Å 

and is charge selective, while the low capacity leak pathway controls the passage of 

macromolecules and is not ion selective.97 

The TJ transmembrane components are comprised of the claudin family, TJ-associated 

MARVEL protein family (occludin, tricellulin, and marveld3), angulin, and the 

junctional adhesion molecule (JAM) family. 

Claudins are the largest multigene family of TJ proteins with 24 members, and all are 

between 20-28 kDa in size. Each claudin contains four transmembrane passes, two 

extracellular loops, and the N- and C-terminal cytoplasmic tails. All the claudin C-

terminals end in a binding site with the PDZ domains of zonula occludens (ZO)-1, ZO-2 

or ZO-3, except for claudin-12.99,100 The first extracellular loop of claudin contains an 

amino acid motif, which is conserved among claudins. This segment is assumed to be 

important for maintaining paracellular seal and ion selectivity. The second extracellular 

loop is involved in homophilic and heterophilic interactions between the different 

claudins. Claudins primarily regulate pore pathway of barrier function.101,102 Claudins 

can make tight junctions leakier or tighter depending on the claudin type expressed. 
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Claudin-2 for instance is known to increase the leakiness of the TJ barrier.103 Claudin 

type will determine the size and whether the pore charge is neutral, cationic, or anionic. 

Additionally, claudin function may differ between epithelial cell types.100 The function 

of claudins are regulated by post-translational modifications such as phosphorylation or 

palmitoylation, and signaling pathways through prostaglandins, cytokines, and 

hormones. Claudin phosphorylation occurs due to protein kinase C (PKC), protein 

kinase A, mitogen-activated protein kinase (MAPK), myosin light chain kinase (MLCK), 

Rho kinase, and the ephrin receptor family. Cytokines, prostaglandins and other factors 

known to alter claudin function include TGF, INF-, TNF-, IL-1, IL-4, IL-10, IL-13, 

PGE2, EGF, FSH, LH, and glucocorticoids.99,100,104 

Occludin was the first identified transmembrane protein of the TJ complex.105 It is a 60 

kDa protein that crosses the membrane in four passes with two extracellular loops, and 

cytoplasmic N- and C-terminal tails. There are multiple phosphorylation sites on 

occludin, and this is proposed to be related to its regulation and localisation to TJs. The 

second extracellular segment interacts with claudin and JAM proteins. The cytoplasmic 

C-terminal binds primarily with ZO-1 and ZO-2, and also with ZO-3 via its interaction 

with ZO-1.99,106 Tricellulin and occludin exhibit some functional redundancy, as occludin 

null mice showed significant upregulation of tricellulin at the bi-cellular interface where 

occludin is anticipated.107 Phosphorylated occludin is localised at the TJ, while non-

phosphorylated occludin remains in the basolateral membrane or in cytoplasmic 

vesicles.108 Regulation of phosphorylation occurs via several kinases and phosphatases 

such as non-receptor tyrosine kinase c-Yes, PKC, and protein phosphatase 2A.99 

Additionally, inhibition of occludin phosphorylation leads to perturbation of the barrier 

function, and loss of localisation of occludin to the TJ.109 Cell models of occludin 

overexpression have shown to promote cell-cell adhesion, and increases the barrier 
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function. Wong and Gumbiner, (1997) demonstrated that a synthetic peptide 

corresponding to the second extracellular loop of occludin was able to reversibly disrupt 

the TJ barrier in-vitro. This was coupled with a decrease in occludin protein localisation, 

but without altering the other TJ proteins.110 It is possible that the synthetic peptide was 

inhibiting normal assembly and function of occludin across the paracellular gap. 

Conversely, a previous occludin deficient mouse model showed no change in 

gastrointestinal barrier function. However, it did exhibit changes in cell morphology and 

secretory function suggesting a role in epithelial integrity or differentiation.111 

Considering the previous research, it is unclear how occludin influences the barrier 

function and whether it is essential in all epithelial barriers. 

Marveld3 is a novel four-pass transmembrane 40 kDa protein, that is known to co-

localise with occludin. Currently there are two known isoforms, and they are expressed 

in several cell lines including lung, colon, small intestine, and kidney.112,113 Marveld3 may 

have a primary role in TJ cell signalling; an in-vitro study showed it links TJs to the 

MEKK1/JNK pathway to regulate cell behavior. Depletion of marveld3 leads to prolonged 

JNK signalling which subsequently leads to TJ disassembly and cell death. 

Prior to marveld3, the most recently described transmembrane TJ proteins are tricellulin 

and angulins (1-3), which are primarily located at the tricellular contacts.114 Tricellulin is 

a four-pass transmembrane protein, with two extracellular loops and large C- and N-

terminal cytoplasmic tails. The tricellulin C-terminal sequence of approximately 130 

amino acids is relatively conserved with occludin, although the extracellular loops and 

N-terminal are unique to each.115 The C-terminal tail interacts with a PDZ region of ZO-

1.116 Tricellulin has been identified in skin, nasal, gastrointestinal, pancreas, and kidney 

epithelium.114,117,118 Regulation of tricellulin occurs through phosphorylation, however 

the specific kinase is yet to be identified. A peroxisome proliferator activated receptor- 
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agonist upregulated several tight junction proteins, including tricellulin; this was shown 

to be PKC dependent.119 Raleigh et al., (2010) demonstrated that tricellulin and marveld3 

are both upregulated by tumor necrosis factor treatment at gene and protein expression 

levels, while occludin was unaffected. Additionally, claudins may also alter the function 

and localisation of occludin, marveld3, or tricellulin.106 Tricellulin appears to be a major 

contributor to the paracellular leak pathway as the tricellular TJ areas are large enough 

for passage of macromolecules.120 

The angulin family (also known as lipolysis stimulated lipoprotein receptor) of proteins 

are single-pass transmembrane proteins, which is formed by an immunoglobulin (Ig) 

like extracellular domain (similar to JAM) and a long cytoplasmic tail.114 It is thought 

that angulin seal the central component of tricellular junctions, with tricellulin arranged 

around angulin.121 Expression of angulin isoforms is tissue specific, however expression 

of at least one isoform is required to maintain proper barrier function. Angulin is 

necessary to recruit and organize tricellulin at the tricellular TJs, which together are 

involved in regulating barrier function of the leak pathways. Interestingly, knockdown 

of angulin affected the pore pathway in MDCK 2 cells showing that it supports the TJ at 

several regions.122 

JAMs are single-pass transmembrane proteins that contains two extracellular Ig-like 

domains; they belong to the Ig-superfamily. The extracellular domains allow homophilic 

interactions (i.e. between other JAM proteins), and also heterophilic interactions.123,124 

Primarily the heterophilic interactions occur between specific integrins on circulating 

white blood cells, which regulates transmigration of neutrophils and monocytes across 

the barrier. Additionally, JAM proteins are present on platelets and white blood cells. 

The cytoplasmic tail of JAM proteins contains the C-terminal and a PDZ domain. 

Depending on the PDZ class JAM interacts with the scaffolding proteins ZO-1, MAGI-1, 
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MUPP1.123–125 Neutralizing anti-JAM-A antibodies were able to prevent repair of the TJ 

pore pathway after it was disrupted by transient calcium depletion.126 It has also been 

implicated in endothelial migration, and establishing cell polarity by interacting with 

the cell polarity complex.127,128 JAM-A phosphorylation by the atypical protein kinase C 

PAR3 is required for JAM-A to establish its barrier function and cell adhesion 

properties.129  

The scaffolding proteins of TJ structures include PDZ containing and non-PDZ 

containing proteins. PDZ containing proteins include the ZO family (ZO-1, ZO-2, and 

ZO-3), membrane associated guanylate kinase with inverted (MAGI) family (MAGI-1, 

and MAGI-3), and the multi-PDZ domain protein-1 (MUPP1). Non-PDZ containing 

proteins include examples such as cingulin, paracingulin, signalling proteins (kinases, 

phosphatases, membrane traffic regulators, and small GTPase regulators).130  

ZO proteins are amongst the most comprehensively studied TJ proteins, and ZO-1 was 

the first TJ protein to be identified.131 Each ZO protein contains three PDZ domains, one 

SH3 domain, and a guanylate kinase (GUK) domain. The first PDZ domain interacts with 

the C-terminal tail of claudins. The second PDZ domain interacts with another ZO 

protein to create a scaffold or with a connexin, while the third PDZ domain interacts 

with JAM-1. The SH3 domain is required for recruitment of ZO to the TJ and GUK 

interacts with occludin. Typically, the C-terminal region of the ZO proteins binds to the 

actin cytoskeleton.130,132,133 ZO proteins have been shown to interact with the cadherin 

based AJs,132 and other AJ proteins including the p120 catenin family and alpha 

catenin.134,135 ZO proteins are essential for integrity of the TJ barrier, particularly ZO-1 

and ZO-2. Umeda et al., (2006) demonstrated that ZO-1 and ZO-2 are required for TJ 

strand formation using an epithelial cell model with a combination of knockout and 

knockdown mutations. ZO-1 and ZO-2 were necessary for recruitment of claudin, 
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occludin, and JAM to the TJ. Interestingly re-introduction of either ZO-1 or ZO-2 rescued 

the barrier function, while ZO-3 did not.136 ZO-1 knockdown in MDCK II cells results in 

a disruption of the leak pathway, while the pore pathway remains unaffected. ZO-1 

knockdown makes cell monolayers more sensitive to actin polymerization and low 

calcium concentrations leading to loss of both barrier pathways.137 ZO-1 exchange from 

the cytosolic compartment and the TJ barrier is dependent on MLCK activity.138 In-vitro 

TNF- and IFN- treatment of cell monolayers induces MLCK activation resulting in 

barrier dysfunction.139 A study conducted by Raleigh et al., (2011) showed that the kinase 

CK2 requires ZO-1 to mediate phosphorylation of occludin and subsequent signaling 

events to claudins.140 Such studies demonstrate the important role of ZO as a stabilizer 

and transducer of TJ signaling, which coordinate the regulation of several barrier 

properties. Additionally, there is evidence to support ZO proteins in supporting GJs, 

while contributing to their dynamic function and architecture.141 

The MAGI family of proteins are known to interact with JAM and several junction 

signalling molecules such as -catenin, Rap1, and K-RAS.130,142 MUPP1 contains 13 PDZ 

domains and is localised at TJs. It is known to interact with multiple claudins and JAM-

1, and is also thought to provide multiple scaffolding supports.125,130 The ligands for all 

the MUPP1 PDZ domains are not known, however it is recognized that the G-protein 

coupled somatostatin receptor-3 is able to interact with MUPP1 and influence barrier 

function.143 MAGI is a major degradation target of the human papilloma virus E6 protein, 

which subsequently leads to TJ disruption.144 Cleavage of MAGI-1 by endogenous 

caspases is an important step in initiating cell detachment during apoptosis.145  

Cingulin and paracingulin are non PDZ proteins characterised by a globular head, a 

coiled rod domain, and a small tail. They are known to bind to JAM, ZO-1, ZO-2, and 
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ZO-3. Both are thought to contribute to the scaffold structure by cross-linking tight 

junctions with the actin cytoskeleton.146,147  

The multiple core components of TJs, their homophilic and heterophilic interactions, 

and the regulating factors involved demonstrate that this region is more complex than 

a simple physical barrier. The pore pathway appears to be primarily regulated by the 

specific set of claudins present at the time, and is also influenced by the supporting 

network of TJ proteins. The major contributors to the leak pathway are occludin, 

tricellulin, angulin, and ZO-1, with likely minor contributions from the other TJ proteins 

and cytoskeletal components. There has been recent interest in the dynamic properties 

of TJ protein interactions and barrier regulation, rather than considering the TJ as a 

static structure.98 Although, this field is still in the development of improved molecular 

and live-imaging techniques that will allow a more detailed understanding of the 

dynamic properties of the TJ. 

 

Adherens Junctions 

The AJ is an intercellular junction that assembles below the TJ region and assists in the 

integration of cell-cell contacts to form an intact barrier. AJs are involved in several 

functions including cell-cell adhesion, cell polarity regulation, regulation of the 

cytoskeleton, cell signalling, and transcriptional pathways.148 Similar to TJs, the AJs are 

formed by transmembrane and scaffolding components, which are anchored by the 

actin cytoskeleton. The two major complexes that form the AJ are the cadherin-catenin 

complex and the nectin-afadin complex.148,149 

AJ cadherins are termed the classic cadherins in the large family of cadherin proteins. 

Among the numerous types of cadherins, E-cadherin is usually associated with AJs of 

epithelial barriers. They are a Ca2+ dependent single pass transmembrane glycoprotein 
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and are comprised of five extracellular cadherin repeat domains and the cytoplasmic 

catenin binding domains.99 The extracellular domains engage with homophilic regions 

of the cadherins in neighbouring cells to form weak connections. However, once Ca2+ 

binds to each domain they undergo a conformational change thereby strengthening the 

junction.150 The cytoplasmic tail adjacent the membrane interacts directly with p120-

catenin, while the C-terminal interacts with -catenin or plakoglobin. -catenin then 

interacts with -catenin as an intermediary between the AJ complex and the 

cytoskeleton.99  

p120-catenin is proposed to stabilise E-cadherin at the AJ during the formation of its 

adhesive contact.151 Additionally, p120-catenin regulates cell motility through the 

cytoskeleton via interaction with Rho GTPases.152 -catenin binding is crucial for fully 

functional AJs, and prevents degradation of E-cadherin.153 Several kinases are involved 

in mediating binding by phosphorylation of the E-cadherin cytoplasmic tail, which 

significantly increases the binding affinity.99,154 -catenin may also regulate cadherin 

turnover by preventing clathrin mediated endocytosis.155 Likewise -catenin is vital for 

AJ formation and cadherin localisation at the AJ. -catenin simultaneously binds to -

catenin and actin, but is thought to require a binding partner to facilitate simultaneous 

interaction with -catenin and actin such as ZO-1, afadin, vinculin, or -actinin.156,157 

Nectin is a single pass transmembrane protein that belongs to the Ig-like superfamily of 

adhesion molecules. There are four known nectins (nectin 1-4) and all consist of an 

extracellular domain containing three IgG-like loops and a cytoplasmic tail with a PDZ 

binding region at the C-terminal. The cytoplasmic tail interacts with the PDZ binding 

domain of afadin/A6.99,149 Nectins participate in Ca2+ independent homophilic and 

heterophilic interactions with other nectins and nectin-like receptors. It is proposed that 

nectin and nectin-like molecules are responsible for the initiation of cell-cell 
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adhesion.148 This allows the formation of cadherin-catenin complexes and subsequently 

the assembly of TJs.158 Fukuhara et al., (2002) utilised in-vitro cell models to 

demonstrate that nectin is required to recruit ZO-1 and JAM into the TJ. Furthermore, 

the authors proposed that the nectin induced JAM interaction is responsible for claudin 

and occludin recruitment to the apical TJ complex.159,160 

Afadin/A6 is an actin binding protein that acts as the scaffold for nectin, and also 

provides connections to the cadherin/catenin complexes through -catenin and the TJ 

via ZO-1.161,162 Components of afadin include a PDZ domain, two Rap/Ras GTPase 

binding domains, an actin binding domain, and three proline-rich domains. Afadin 

knockout mouse embryo models have demonstrated it is crucial in epithelial 

organisation and the developing TJ and AJ.163,164  

 

Gap Junctions 

GJs provide an intercellular communication channel between neighbouring cells, which 

allows exchange of ions and small molecules (< 1 kDa). Their primary structure is formed 

by the connexin family of proteins, which are four-pass transmembrane proteins 

containing two extracellular loops, and N- and C-terminal cytoplasmic tails. Each GJ 

protein forms a hemi-channel to bridge the intercellular junction to form a channel with 

a neighbouring hemi-channel.165,166 Although GJs are not classically involved in the 

paracellular barrier, they share the intercellular space with other barrier proteins and 

are particularly important in the coordination of ciliary function in the sinonasal 

cavity.167 There is evidence that ZO-1 enacts an important role in the regulation and 

turnover of GJs. Dunn and Lampe, (2014) utilized an in-vitro wound model which 

showed that cell injury precipitates Akt phosphorylation of connexin-43 with 

subsequent increased gap junction communication and junction size due to the partial 
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uncoupling of ZO-1 and connexin-43.168 Another study found that additional 

phosphorylation of connexin-43 leads to a complete dissociation between ZO-1, with 

subsequent closure of the GJ channel and preparation of GJ endocytosis.169 Vascular 

endothelial GJs are negatively altered by TNF treatment, which induces ZO-1 interaction 

with connexin-37.170 Palatinus et al., (2010) showed that AJ-associated ZO-1 influences 

the GJ localisation in cardiac myocytes.171 It seems that GJs share structural components 

of TJs and AJs, which may have important implications in ciliated airway epithelium. 

 

Desmosomes 

Desmosomes are comprised of several components that form the strong connection 

between neighbouring cells. The basic structure is formed by intercellular links 

(desmosomal cadherins) and intracellular links (intermediate filaments, desmoplakin, 

plakoglobin, plankophilin). The desmosomal cadherins include desmoglein and 

desmocollins, of which there are four and three isotypes respectively. These components 

cross the extracellular space to create isoform specific crosslinking dimers to provide the 

adhesive function.172,173 Desmosomal cadherins are tissue specific with desmoglein-2 and 

desmocollins-2 expressed in all desmosomal forming tissues, whereas the remaining  

desmogleins/desmocollins contribute to various epithelia.174,175 Desmoplakin, 

plakoglobin, and plankophilin form the desmosomal plaques that interact with the 

desmosomal cadherins at the plasma membrane and the intermediate filaments. The 

intermediate filaments anchor the desmosomal plaques to the cytoskeleton.173,176 

Similar to AJs, the primary function of desmosomes are to maintain integrity and 

adhesion of cell to cell contacts. As such they are particularly important in epithelial 

tissues that are subject to mechanical stress. Desmosomes are regulated by calcium 

concentrations, and protein kinase C (PKC).172 Whilst desmosomes are developing they 
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form in a calcium dependent manner, but once matured they are strongly calcium 

independent and from hyperadhesive connections to neighbouring cells. This is unique 

to the desmosomal family as other proteins of the intercellular junction are calcium 

dependent.172,173 PKC is known to be localised to in the basal epithelial layers, and during 

epithelial development and wound healing it is localised with desmosomal plaque 

proteins. It is currently thought that PKC phosphorylates one of the desmosomal 

proteins to induce calcium dependence as a means to regulate adhesiveness. During 

wound healing the wound edge exhibits down-regulation of desmosomes via PKC 

activation and internalisation of half-desmosomes. However, they are not completely 

internalised due to their requirement in maintaining the cell-cell adhesion required for 

coordinated migration.176 Desmosomes are also involved in intracellular signalling 

pathways such as Wnt/-catenin, and abnormal desmosomal expression has been 

shown to influence MAPK, STAT3, NF-, and phosphatidylinositol 3-kinase 

pathways.177,178 

 

Assessment of intercellular junction complexes 

Assessment of the intercellular junction complexes typically comprises a combination 

of functional measurements and structural analysis. This is occasionally supplemented 

by protein quantification and gene expression methods. Functional measurements 

include transepithelial electrical resistance (TEER), and macromolecular permeability. 

In sinonasal barrier research functional assays are usually performed on in-vitro cultures 

derived from healthy primary nasal epithelial cells, CRS derived nasal epithelial cells, 

and sinonasal secondary cell lines. Structural analysis can be performed by observing 

cell ultrastructure with electron microscopy, or examining the protein expression of 
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junctional proteins, and is frequently performed on both in-vitro cell models and clinical 

biopsy specimens.  

 

Transepithelial electrical resistance 

TEER is a commonly used technique to assess the real-time status of the intercellular 

junction of both in-vitro and ex-vivo barrier models, specifically the pore pathway. TEER 

provides quantitative information about the ionic conductance across the cell layer by 

measuring the flux of ions, which is typically Na+ and Cl- in physiological solutions. In-

vitro cell cultures are cultivated on semi-permeable membranes and measurements are 

generated by placement of two electrodes; one above and below the cell layer. An 

alternating current is applied across the layer, and the resistance is expressed as Ohm 

(). Ohm’s law states that the current through a conductor is proportional to voltage 

and inversely proportional to resistance. The TEER of the blank membrane is then 

subtracted from the experimental TEER measurement. As the TEER is related to the size 

of the permeable membrane in cm2, it is then expressed as cm2.179 

TEER measurement is influenced by the specific device used, temperature, apical and 

basal chamber solutions, cell type, membrane material, membrane size, and also user 

handling of the device.179,180 Initial TEER experiments were performed using Ussing 

chambers, which require a more complicated setup. It is now more common to perform 

such measurements using “chopstick” type voltmeters or a chamber voltmeter.181 

Additionally, it is possible to assess the integrity of ex-vivo mucosa in an Ussing 

chamber.182 
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Macromolecular permeability 

The leak pathway determines the paracellular permeability to macromolecules. This 

provides information regarding the rate of flux across the cell layer of a selected 

macromolecule. The permeability rate of a particular molecule is partly determined by 

the size of the molecule, pH of the solution, charge, hydrophilic vs lipophilic properties, 

and whether the compound is actively transported transcellularly.183–185 This is 

commonly measured using different sized neutral compounds such as fluorescently 

tagged dextrans, radiolabeled inulin and mannitol, or horseradish peroxidase. The 

compound is usually introduced into either the apical or basal cell culture chamber, then 

samples are taken from the receiving side. The rate of transfer can then be calculated as 

determined by the starting concentration, receiving concentration, size of the cell layer 

or membrane, and the time lapsed. The results are expressed as the permeability 

coefficient or apparent permeability (Papp, cm/second) using the following equation:  

𝑃𝑎𝑝𝑝 = (
𝑑𝑄

𝑑𝑡
) ×

1

𝐴𝐶0
 

Where dQ/dt is the amount of compound over time, A is the area of the membrane, and 

C0 the starting concentration of compound.186 

 

Fluorescence microscopy 

Fluorescence microscopy techniques are commonly used to identify the localisation and 

pattern of intercellular junction proteins and supporting cytoskeletal components. This 

is usually performed using a laser scanning confocal microscope, allowing assessment of 

the target proteins in three planes. Localisation and patterns of fluorescent staining 

differs between each group of intercellular junction proteins (TJs, AJs, GJs, and 

desmosomes) and is also dependent on the tissue type and experimental conditions.187 
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Altered intercellular junctions are observed as redistribution or reorganisation, 

disrupted or broken staining, relative intensity changes, or lack of staining.20,188,189 

Additionally, it can be used to determine co-localisation of structures. Live cell 

fluorescent imaging techniques have been used to further understand the dynamic 

element of the intercellular junction, however these techniques are still in development 

and their relevance uncertain given most methods alter the protein structure with a 

fluorescent tag.96,190 

 

Electron microscopy 

Transmission electron microscopy (TEM) on ultrathin sections and freeze fracture 

replicas allows observation of the intercellular junction ultrastructure.187 TEM 

techniques are particularly useful in showing the close contact or “kissing point” 

between adjacent plasma membranes and lack of paracellular separation.187,191 Freeze 

fracture replica techniques have allowed improved visualization of the individual TJ 

strands and their complexity at the intercellular interface. The addition of 

immunolabeling of TJ proteins confirms their presence on the individual strands.187,188,192 

 

Mucosal barrier in sinonasal health and disease 

Tight and adherens junctions in sinonasal health and disease 

The understanding of TJ and AJ in the sinonasal cavity in both health and CRS is yet to 

be completely established. The studies that have characterised TJ and AJ associations in 

CRS are discussed below and summarized in Table 1. Additionally, there are several in-

vitro studies investigating potential barrier disrupting mechanisms, which will be 

addressed in a subsequent section. 
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Jang, Kim, Koo and Chung (2002) published the earliest research examining TJ and AJ 

mucosal barrier proteins in nasal polyposis. This study compared immunohistochemical 

staining of ZO-1 and E-cadherin between nasal polyps from patients undergoing surgery 

and control mucosa from the ethmoid sinuses of autopsy patients. They found that ZO-

1 staining in nasal polyps exhibiting mucous cell hyperplasia was punctate and of lower 

intensity when compared to the controls, however E-cadherin was significantly more 

intense. This pattern was also observed in metaplastic nasal polyp epithelium; however, 

ZO-1 staining was either especially low or absent. Pseudostratified columnar epithelial 

regions of nasal polyps showed significant similarity to control mucosa.193 

Zuckerman et al., (2008) conducted an immunofluorescence study of intercellular 

junctions in patients undergoing ESS for CRSwNP or skullbase surgery as control 

specimens. Occludin, ZO-1, JAM-A, coxsackievirus and adenovirus receptor (CAR), 

claudin-1, E-cadherin, desmoglein-2, desmoglein-3, cytokeratin, and plakoglobin were 

all assessed. There were no differences in the staining intensities or patterns of TJ or AJ 

proteins between each group. However, all CRSwNP patients were treated with high 

dose oral corticosteroids prior to specimen collection.175 Another study elucidated that 

oral corticosteroid treatment can alter the distribution of TJ proteins in nasal polyp 

tissue. Occludin, claudin-1, and ZO-1 were examined with qRT-PCR, 

immunohistochemistry, and western blot in nasal polyp specimens before and after 

corticosteroid treatment. Corticosteroid treatment produced a significant increase in 

gene expression, protein localisation, and protein quantification of occludin.194 In-vitro 

experiments confirmed that the corticosteroid induced upregulation of occludin was 

due to downregulation of the MAPK via a MKP-1 pathway.194 MKP-1 expression is a 

common mediator for the anti-inflammatory effect of corticosteroids.195 This implies 
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that CRS inflammatory mediators influence the expression of occludin, and that barrier 

repair is potentially improved with corticosteroid treatment.  

Rogers et al., (2011) assessed the localisation of claudin-1 and occludin in nasal polyposis 

and control patients, with 3 specimens in each group. Although the study was relatively 

small it demonstrated a significantly lower expression of each TJ protein in the apical 

epithelium. Furthermore, the authors demonstrated that treatment of human bronchial 

epithelial cell line HBE14- with IFN and TNF cytokines results in significantly reduced 

occludin and slightly lower claudin-1 protein levels. Barrier changers were observed at 

72 hours suggesting that the effects are not a direct effect on TJ proteins, but may be 

associated with a signaling pathway.196 

Soyka et al., (2012) studied the expression and function of tight junctions in a small 

cohort of CRS patients.20 Utilising a Ussing chamber, it was shown that the ex-vivo 

mucosal barrier in CRS has reduced trans-tissue electrical resistance compared to 

controls. This was also supported by irregular immunohistochemistry staining of 

occludin and ZO-1 proteins in both CRS phenotypes, while western blot techniques 

confirmed either absent or extremely low levels of occludin in tissue lysates. CRSwNP 

exhibited a more severe disruption of the TJ barrier. Furthermore, gene expression 

showed a reduction in claudin-4 in both CRSsNP and CRSwNP, while occludin gene 

expression was only significantly reduced in CRSwNP. This barrier dysfunction was 

argued to be due to cytokine induced inflammation. In-vitro cell cultures treatments 

showed that IFN- and IL-4 affect both TEER and molecular permeability. Additionally, 

they demonstrated that IFN- has a direct effect on the gene expression of both claudin-

4 and ZO-2 mRNA. Interestingly, ALI cultures derived from nasal polyp tissues exhibited 

significant increases in mRNA expression of claudin-1 and claudin-4.20 This highlights 
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the potential for nasal polyp ALI cultures to exhibit inherent barrier dysfunction in-vitro 

and for a differential response to treatments with cytokines or other factors.  

A study by Meng et al., (2012) examined specimens from a small cohort consisting of 6 

controls and 6 CRSwNP patients.197 An additional group of CRSwNP exhibiting early 

polyp formation were included, however the epithelial integrity in these specimens was 

not suitable for assessment of TJ/AJ staining. ZO-1, occludin, and E-cadherin were 

included in the assessment, and all showed significantly lower staining intensity in the 

CRSwNP group. Interestingly, this is the only study that showed a lower expression of 

E-cadherin in CRSwNP. The CRSwNP group also displayed high eosinophil counts, 

increased staining for macrophage and myofibroblast markers, and lower collagen 

expression. However, no correlation was made between these factors and TJ/AJ 

expression. 

The largest immunohistochemical study of TJ, AJ, and desmosomes was conducted by 

Li et al., (2014) consisting of specimens from 19 controls, 20 CRSsNP, and 41 CRSwNP 

patients undergoing ESS.198 Claudin-1, ZO-1, and E-cadherin were semi-quantitatively 

assessed using an ordinal scale. Additionally, the CRSwNP group was separated into 

eosinophilic and non-eosinophilic subgroups. Similar to previous studies they observed 

a significant increase in E-cadherin staining, which was seen in both CRSsNP and 

CRSwNP. CRSsNP exhibited decreased staining of claudin-1, while ZO-1 staining was 

lower compared to the controls it was not statistically significant. ZO-1, and claudin-1, 

were reduced in CRSwNP, with no difference between eosinophilic and non-eosinophilic 

groups. Furthermore, it was demonstrated that tissue levels of IL-5 and IL-6 were 

negatively correlated with claudin-1. Conversely, IL-8 was positively correlated with E-

cadherin expression. 



 34 

A recent study identified that N-myc downstream-regulated gene 1 (NDRG1) is a positive 

regulator of the airway epithelial barrier. CRS biopsy specimens exhibited dramatically 

decreased localisation of NDRG1 protein; specifically, in areas of damaged sinonasal 

epithelium or goblet cell hyperplasia. NDRG1 knockdown in-vitro triggers significant 

defects in TEER and TJ localisation of occludin and ZO-1. Interestingly, gene expression 

after NDRG1 knockdown resulted in decreased claudin-9 mRNA and little difference in 

ZO-1, occludin, and several other claudins.199 

A report by Nguyen et al., (2012) suggested that claudin-1 and tricellulin 

immunofluorescent staining was increased in nasal polyposis, with an increase in 

claudin-1 mRNA levels.200 This was observed alongside lower expression of two 

epidermal growth factor receptors. However, the comparison patient group was 

composed of specimens from hypertrophic inferior turbinates and is likely not 

representative of a healthy mucosal interface.  
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Table 1. Tight junction, Adherens junction, and Desmosome literature summary in Chronic 
Rhinosinusitis 

Tight junction, Adherens junction, and Desmosome literature summary in Chronic Rhinosinusitis 

Authors Tissue source and method Key findings 

Chen et al., 
(2014) 194 

Biopsy specimens from CRSwNP patients pre 
and post treatment with prednisolone 
(30mg/day for 14 days). Immunohistochemistry 
staining of occludin. qRT-PCR of occludin, 
claudin-1, and ZO-1. 

In-vitro experiments detailed in Table 6. 

- mRNA of occludin was significantly increased in 
polyp specimens after prednisolone treatment. No 
change in ZO-1, or claudin-1 mRNA 

- Immunoreactivity staining of occludin was increased 
after treatment 

Jang, Kim, Koo & 
Chung (2002) 193 

Biopsy specimens from ethmoid mucosa of 
control autopsy patients (n=5), and 20 patients 
undergoing ESS for nasal polyposis (n=20). 
Immunohistochemistry staining of ZO-1, and E-
cadherin. 

- Hyperplastic and metaplastic squamous epithelium 
of nasal polyps showed decreased ZO-1 and increased 
E-cadherin staining 

- Normal areas of pseudostratified ciliated epithelium 
from nasal polyp patients showed normal ZO-1 and 
E-cadherin staining 

Li et al., (2014) 
198 

Biopsy specimens from patients undergoing ESS 
for CRSwNP (n=41), CRSsNP (n=20), and middle 
turbinate or uncinate from controls (n=19). 
Eosinophil count with H&E stain. 
Immunohistochemical staining of ZO-1, claudin-
1, E-cadherin, DSG1, and DSG2. Homogenized 
tissue ELISA of IL-5, IL-6, and IL-8. 

- CRSsNP: increased E-cadherin staining. Decreased 
claudin-1, DSG1, DSG2 staining 

- CRSwNP: Increased E-cadherin staining. Decreased 
ZO-1, claudin-1, DSG1, DSG2 staining. 

- DSG1 significantly lower in CRSwNP than CRSsNP 
- Negative correlations between (IL-5, IL-6) & claudin-

1, (IL-6, IL-8) & DSG2, IL-8 & DSG1. Positive 
correlation between IL-8 & E-cadherin 

Meng et al., 
(2013) 197 

Biopsy specimen from patients undergoing ESS 
for CRSwNP (n=6), and control patients (n=6) 
having a rhinoseptoplasty. An additional group 
of “immature” or early CRSwNP was included 
(n=5) 

Immunohistochemical stating of E-cadherin, 
ZO-1, and occludin.  

Other components assessed: eosinophil number, 

CD-68, mannose receptor, -SMA, vimentin, 
pSmad2, fibronectin, and collagen content. 

- Reductions in E-cadherin, ZO-1, and occludin 
staining intensity in mature polyps from CRSwNP 

- Higher eosinophil count in mature CRSwNP 
- Immature CRSwNP group 
o TJ/AJ not assessed due to epithelial damage 
o Increased -SMA, CD-68, mannose receptor, 

vimentin, pSmad2 
- Both mature and immature polyps demonstrated 

high fibronectin, and low collagen expression 

Nguyen et al., 
(2012) 200 

Biopsy specimens from patients undergoing ESS 
for inferior turbinate hypertrophy (n=10), and 
nasal polyps (n=10). Immunofluorescent 
microscopy of ErbB1, ErbB2, claudin-1, and 
tricellulin. Eosinophil count and % of goblet 
cells. qRT-PCR of erbB1, erbB2, claudin-1, and 
tricellulin. 

- Staining of erbB1 and erbB2 was significantly higher 
in the inferior turbinate group 

- Staining of claudin-1 and tricellulin were both 
increased in nasal polyp specimens 

- Quantitative mRNA results show erB1, erB2, and 
tricellulin are increased in the inferior turbinate 
group. Claudin-1 mRNA increased in nasal polyps. 

- NB: inferior turbinate hypertrophy is not a 
completely appropriate control group considering 
the potential association with allergy/rhinitis and 
TJ/AJ disruption 

Rogers et al., 
(2011) 196 

Biopsy specimens from controls (n=3) and nasal 
polyps (n=3). Immunofluorescent markers for 
claudin-1, and occludin. 

In-vitro experiments detailed in Table 6 

- Control tissue showed intense staining of both 
proteins in the apical and basal portions of 
epithelium 

- Decreased staining of both claudin-1 and occludin 

Soyka et al., 
(2012) 20 

Biopsy specimens from patients undergoing ESS. 
Nasal polyp from CRSwNP. Maxillary or 
ethmoid tissue from CRSsNP. Inferior turbinate, 
middle turbinate, uncinate process from control 
patients. Ussing chamber TEER, 
immunofluorescence, gene expression, western 
blot (n=4 each group). 

In-vitro experiments detailed in Table 6. 

- Ussing chamber showed significantly reduced TEER 
in CRSwNP 

- Decreased immunofluorescence of occludin and ZO-1 
in CRSwNP, and less severe decrease in CRSsNP 

- CRSwNP: 2.2-fold decrease in claudin-4 mRNA, and 
1.6 fold lower occludin mRNA 

- CRSsNP: 2.1-fold decrease in claudin-4 mRNA 
- Significant correlation between eosinophil cationic 

protein and TJ mRNA expression 
- Western blot confirmed absent occludin in CRSwNP, 

very low levels in CRSsNP 

Zuckerman et al 
(2008) 175 

Biopsy specimens of nasal polyps and inferior 
turbinate/septum from patients with nasal 
polyps (n=11), and control patients (n=6). Adults.  

Immunofluorescence of occludin, ZO-1, JAM-A, 
CAR, claudin-1, E-cadherin, desmoglein-2, 
desmoglein-3, cytokeratin, and plakoglobin 

In-vitro experiments detailed in Table 6. 

- No difference in occludin, ZO-1, JAM-A, CAR, 
claudin-1, E-cadherin, cytokeratin, or plakoglobin 
between controls and nasal polyps 

- Decreased immunofluorescence staining of DSG2 

and DSG3 in polyps 
- Normal expression in controls and inferior turbinate 

tissue from CRSwNP patients 
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The study of TJ/AJ structures in the pathogenesis of CRS is relatively novel. Considering 

the findings from these reports it appears that some clinical factors will influence the 

study findings i.e. pre-operative corticosteroids, inclusion of appropriate control 

specimens. Additionally, there are incongruous findings between reports. Claudin-1 and 

occludin appear to be down regulated in CRS. However, most studies only examined one 

or the other protein. Zuckerman et al., (2008) included claudin-1 and occludin in their 

study, only to see no difference in staining between control and CRSwNP groups.175 

Patients in this study were taking oral corticosteroids prior to specimen acquisition, 

which is known to increase occludin expression.194 Rogers et al., (2011) was the only 

study to see reductions in both, although this was in a group of 3 control and 3 CRSwNP 

patients. Furthermore, this report made no mention regarding pre-operative 

corticosteroid use.196 Excluding the studies where preoperative corticosteroids were 

used or use was not explicitly stated, then it seems ZO-1 is consistently decreased in 

CRSwNP (Table 2). As ZO-1 is involved in multiple interactions with TJ, AJ, GJ and 

desmosomal proteins it may be a useful indicator of alteration of several barrier 

components. 

Table 2. Summary of TJ, AJ, and desmosome immunohistochemistry in CRS 

Immunohistochemistry 

CRS vs Control 
Control CRSsNP CRSwNP Occludin Claudin-1 ZO-1 JAM-A CAR E-Cadherin DSG1 DSG2 DSG3 

Pre-operative 
corticosteroids 

Jang et al , (2002)193 5 n/a 20 n/a n/a  n/a n/a  n/a n/a n/a - 

Li et al , (2014)198 19 20 41 n/a   a n/a n/a    n/a - 

Meng et al , (2013)197 6 n/a 6  n/a  n/a n/a  n/a n/a n/a - 

Rogers et al , (2011)196 3 n/a 3   n/a n/a n/a n/a n/a n/a n/a ? 

Soyka et al , (2012)20 4 4 4  b n/a  b n/a n/a n/a n/a n/a n/a - 

Zuckerman et al , (2008)175 6 n/a 11       n/a   + 

Corticosteroid administration (+) or (-) within the 4 weeks prior to specimen collection  (a) only significantly decreased in CRSwNP group; (b) qualitatively more disrupted 

in CRSwNP; (n/a) not assessed   
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Gap junctions in sinonasal health and disease  

There are several comprehensive investigations on GJ distribution and function in CRS  

emphasizing its importance in cell communication, and relationship to ciliary function.  

Hama et al., (2001) found connexin 26 at the mucosal cell junctions, while connexin 43 

was observed between the stromal cells of the lamina propria and submucosa.167 

However, cultured nasal epithelial cells only stained positive for connexin 43. In-vitro 

functional assays with dye transfer and intercellular calcium waves confirmed that 

cultured nasal epithelial cells do have capacity for intercellular communication.167 A 

separate article also showed connexin 43 in nasal mucosa and cultured nasal epithelial 

cells, although there was no positive staining for connexin 26 or connexin 32.201 Nasal 

epithelial connexin 43 expression increases with accumulative days of ALI culture.201 

Yeh et al., (2007) identified that HNEC cultures exhibited optimal gap junction 

intercellular communication between days 10 and 20 of ALI culture rather than 

submerged cell culture.202 This coincided with significant increases in connexin 43 and 

peak ciliogenesis.202 In-vitro exposure of nasal epithelial cells to bacterial 

lipopolysaccharide resulted in a significant release of IL-8 with a dose and time 

dependent decrease in connexin 43.203 This may exert an inhibitory effect on ciliary 

beating by interfering with intercellular communication. Martin and Prince (2007) 

determined that the human airway cell line 1HAE- communicated TLR2 mediated Ca2+ 

fluxes via gap junctions.204 Ca2+ flux was able to generate chemokine secretion in 

neighboring cells through activation of NF-B. Furthermore, it was shown that airway 

cells are able to limit the proinflammatory response by phosphorylation of connexin 43, 

which effectively closes the gap junction intercellular gate.204 There is a relative 

deficiency in animal models of airway gap junction research. However, Martin and 

Prince (2007) did confirm that neutrophil influx into mice lungs secondary to P. 
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aeruginosa inoculation was significantly suppressed by inhibition of gap junction 

intercellular communication.204 

Yeh et al., (2005) investigated the relationship between connexin 43 expression and 

eosinophil infiltration in nasal polyps.205 Their study identified a significant reduction 

in connexin 43 with increasing local eosinophils in nasal polyps, although the underlying 

mechanism was elucidated. The authors hypothesized that the local decrease in 

connexin 43 could lead to changes in fibroblast differentiation and remodeling in nasal 

polyposis.205 It is known that gap junction communication contributes to regulation of 

inflammation, innate and adaptive immune responses, fibrosis, and wound healing.206 

BuSaba and Cunningham (2008) conducted a gene sequence study of connexin 26 

(GJB2) and connexin 30 (GJB6) in 46 consecutive patients with CRS or RARS.207 All 

patients had a normal connexin 30 gene, and two patients with a mutation in connexin 

26. Interestingly, one patient had a connexin 26 heterozygotic 35dG mutation and early 

adulthood onset of sensorineural hearing loss. The connexin 26 35dG mutation has been 

associated with autosomal recessive non-syndromic hearing loss.208 Another study 

screened a relatively young cohort of patients (age range 6 – 33 year; n=19) with CRS and 

RARS for mutations in connexin 32 (GJB1) and connexin 43 (GJA1) genes.209 3 patients 

were identified to have heterozygotic mutations, however all mutations identified were 

not known to cause protein dysfunction, or associated with a known pathogenic 

mutation.209 The results of this previous research negates a prevalent genomic mutation 

of the examined genes as an explanation for mucociliary dysfunction in these cases of 

CRS.  

Connexin 26 has been implicated in the development of allergic rhinitis. Significant 

down regulation at the mRNA and protein levels was observed in patients with house 

dust mite sensitized allergic rhinitis.210 This was associated with an increase in protease 
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activated receptor-2 (PAR2), which is activated by house dust mite proteases.210 This 

study proposes that gap junction dysfunction is intimately involved in antigen 

sensitisation in nasal airways, and that environmental antigens activate mucosal 

receptors that influence the barrier function. 

Kim et al., (2016)211 have produced the most comprehensive study characterizing 

connexins in healthy nasal mucosa and CRS mucosa. They identified positive gene 

expression for 16 connexins, including 9 that had previously not been described in nasal 

mucosa. Quantitative real-time polymerase chain reaction (qPCR) showed that 

connexin 26 and connexin 43 gene expression was significantly upregulated in the CRS 

group. Connexin 30 did not show statistically significant increases, however the 

individual data points demonstrate potential high expressing CRS patients. The study 

was limited by a small cohort potentially overlooking gene expression differences 

between CRSsNP and CRSwNP. Immunohistochemistry exhibited connexin 26 was 

localized to the basal cell layer, connexin 30 positive staining throughout the 

epithelium, and connexin 43 primarily in the stroma of CRS patients (2.7 fold higher).211  

The literature supporting the role of gap junctions in CRS and other sinonasal conditions 

outlined here suggests that the connexin proteins present in the upper airways may be 

involved in the pathogenesis. Future research will need to further characterize the 

connexins in healthy sinonasal mucosa and clarify the function of connexin 43, which 

seems to be conflicting in the current reports. Furthermore, it is unclear if GJ disruption 

is a feature seen independent of overall barrier disruption or related to TJ or AJ 

dysfunction. 
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Desmosomes in sinonasal health and disease 

There are little reports regarding the normal characteristics and distribution of 

desmosomes in the paranasal sinuses and nasal cavity. Currently, this can be 

extrapolated from the few studies that have investigated upper airway desmosomal 

patterns. 

Zuckerman et al., (2008) examined intercellular junctions in sinonasal tissue from 6 

healthy patients and 11 patients with nasal polyposis. Their immunofluorescence study 

demonstrated strong staining intensity of desmoglein-2, desmoglein-3 and cytokeratin 

(component of intermediate filaments) throughout healthy mucosa, along with less 

broad or intense staining of plakoglobin. This was compared with staining patterns in 

nasal polyps, which exhibited significantly reduced intensity and distribution. 

Interestingly, non-polyp tissue from nasal polyposis patients showed similar staining of 

desmosomes to that of the controls.175 This implies that desmosome dysfunction is a 

local factor in nasal polyposis. Furthermore, in-vitro experiments identified that IL-13 

treatment of human bronchial cell line (HBE4-E6/E7) triggers cleavage of desmoglein-

2 and an associated loss of immunofluorescent staining. Conversely, IFN- induced an 

increase of staining intensity of desmoglein-2 at 48 and 96 hours, while also promoting 

cleavage as evidenced by western blot.175 This suggests that IL-13 associated Th2 

inflammation may be involved in the development of nasal polyposis by weakening 

desmosome adhesion. Analysis of genomic DNA from controls and CRSwNP patients 

previously revealed no difference in desmoglein-2 and desmoglein-3 genotypes.212 This 

supplements the aforementioned finding that desmosomes are likely to be affected 

locally. Li et al., (2014) found that desmoglein-1 and desmoglein-2 are significantly 

reduced in CRSsNP and CRSwNP. Furthermore, tissue levels of IL-6 are negatively 
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correlated with desmoglein-2, and IL-8 negatively correlated with desmoglein-1 and 

desmoglein-2.198 

Soyka et al., (2012) investigated the specific mRNA expression patterns of a number of 

desmosomes in biopsies from a small group of control, CRSsNP, CRSwNP patients using 

a microfluidic card assay. Their study indicated the presence of mRNA for desmocolin 

2-3, desmoglobin 2-4, plankophilin 1-4, plakoglobin, and desmoplakin in sinus mucosa, 

however there was no difference in CRS cohorts. 

An earlier study comparing nasal polyp epithelium between patients with and without 

asthmatic/allergic symptoms measured the length of desmosomes using electron 

microscopy.213 It was identified that the columnar and basal cell desmosome lengths 

were shorter in asthmatic and allergic patients, and it was subsequently suggested that 

this may represent weakened desmosome junctions. Although, this paper is limited by 

its methodology in using only electron microscopy to identify and quantify desmosome 

length.213 

A recent case report by Oto et al., (2017) describes an interesting case of IgG4 

autoimmunity in a patient with CRSwNP. Immunohistochemical analysis of the sinus 

tissue showed that IgG4 staining was co-localised with desmoglein-3. Furthermore, 

ELISA confirmed the presence of anti-desmoglein-3 IgG4 antibodies in the patient’s 

serum.214 It is possible that the anti-desmoglein-3 antibodies triggered barrier 

dysfunction and subsequent development of CRS and nasal polyposis in this particular 

patient. 

The desmosome junctions have briefly been examined in CRS. The key studies to date 

have identified reductions in one or more of the desmoglein proteins, in particular 

desmoglein-2. 
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Gastrointestinal barrier function as a paradigm 

The gastrointestinal literature provides the majority of evidence describing barrier 

function in both health and disease. The gastrointestinal mucosal barrier is 

indispensable in maintaining separation of the inside of the host from the environment 

(gastrointestinal lumen). Additionally, the barrier needs to allow transport of necessary 

nutrients and participate in mucosal immune homeostasis. Below is a summary of the 

mediating factors of gastrointestinal barrier dysfunction (Table 3). 

 

Inflammatory bowel disease 

Mucosal barrier dysfunction is a well described feature of inflammatory bowel diseases 

(IBD), such as ulcerative colitis and Crohn’s disease with clinical research on barrier 

dysfunction starting in the 1980s.215 Both of these conditions provide examples of the 

interplay between microbial flora and mucosal dysfunction, particularly in susceptible 

individuals.216  

It is not understood whether the inflammation in IBD is a consequence or cause of the 

mucosal barrier dysfunction. However, there are animal models and clinical studies that 

support the concept that barrier dysfunction precedes the inflammation. Olson et al., 

(2006) demonstrated that a colitis predisposed mouse strain SAMP have an epithelial 

barrier defect that precedes the onset of inflammation. Additionally, this was also 

exhibited in the absence of gastrointestinal bacterial colonisation.217 Peeters et al., (1997) 

examined the epithelial permeability of Crohn’s disease patients, their relatives, and 

their non-Crohn’s disease spouses. They identified that 25% of first degree relatives have 

increased intestinal permeability, although this did not follow any usual genetic pattern. 

This was coupled with the presence of an increased intestinal permeability in healthy 
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spouses, suggesting the primary insult may be a common environmental factor on a 

background predisposition to Crohn’s disease.218 Increased barrier permeability may be 

a marker for development of Crohn’s disease. One case study described increased 

epithelial permeability in a first degree relative of a Crohn’s affected person, who 

subsequently presented with the disease 8 years later.219 Furthermore, mucosal 

permeability is a reliable predictor for clinical relapses of Crohn’s disease.220  

Immune system mediators are involved in the regulation of barrier integrity in IBD. Th1 

cytokines TNF- and IFN- are markedly increased in Crohn’s disease, which 

subsequently disrupt the barrier with alterations in paracellular and transcellular 

pathways.221 This is mediated by NF- leading to a down regulation of ZO-1 protein 

expression and disorganised TJ localisation.222 This concept is supported by the work of 

Suenaert et al., (2002) showing restoration of a normal gut barrier and resolution of 

inflammation after treatment with an anti-TNF- antibody in patients with Crohn’s 

disease.223 Th2 cytokines are implicated in the barrier dysfunction of ulcerative colitis, 

particularly IL-13. Subepithelial mononuclear cells in ulcerative colitis produce 

significantly more IL-13 when compared to controls, and IL-13 has a dose dependent 

barrier disrupting effect in-vitro.224 This was evidenced by reductions in TEER, increases 

in Papp, and increased expression of the pore forming claudin-2 TJ protein. Additionally, 

IL-13 prevents repair of epithelial barrier gaps by reducing cell migration velocity.224 

Unfortunately, two phase 2 clinical trials with the IL-13 antibodies anrukinzumab and 

tralokinumab have yielded poor results as an effective future treatment option for 

ulcerative colitis.225 

Gastrointestinal microbes play a central role in the pathophysiology of IBD. Studies 

suggest that this is underpinned by microbial dysbiosis, and improper immune 

responses to resident (tolerance) and pathogenic (defence) organisms on a background 
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of epithelial susceptibility. Sellon et al., (1998) utilised IL-10 deficient germ free (sterile) 

mice to demonstrate that luminal bacteria are necessary for induction of colitis and 

immune system activation. Colonisation of these previously germ free mice results in 

the induction of typical colitis.226 Experimental mouse models of IBD have been 

developed to reproduce defects in barrier function, innate immunity, and adaptive 

immunity. Dextran sodium sulphate (DSS) is commonly used in mouse models to incite 

barrier dysfunction, which leads to IBD analogous inflammation.227 More recently it was 

observed that DSS induced barrier dysfunction has an effect on the gut microbiome. 

Fazio et al., (2014) conducted a microbiome analysis of DSS induced colitis in mice and 

found that after 3 days of DSS treatment the microbiome had profoundly shifted. 

Interestingly, this dysbiosis preceded any inflammatory changes and upon removal of 

the barrier disrupting factor the microbiome recovered.228 Another study  demonstrated 

that DSS colitis induces changes in bacterial species richness and alters the community 

composition in both faecal and colonic samples.229 

The expression and distribution of TJ proteins is altered in IBD gastrointestinal mucosa. 

Prasad et al., (2005) highlighted that the pore forming claudin-2 was heavily 

upregulated in both ulcerative colitis and Crohn’s disease mucosa, and not in healthy 

patients. Conversely, claudin-3 and claudin-4 were reduced or showed altered 

distribution in IBD.230 Other studies have demonstrated that TJ proteins claudin-5, 

claudin-8 and occludin may be down regulated in active Crohn’s disease, while 

ulcerative colitis exhibits downregulation of claudin-4 and claudin-7.231,232 Furthermore, 

even in inactive Crohn’s disease the TJ proteins occludin and ZO-1 are absent in the 

apical layers and instead in the basolateral cell layers. This was observed in the absence 

of inflammation, again emphasizing the role of epithelial barrier function in initiation 

of IBD.233 
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Enteric bacteria and their extracellular products 

The gastrointestinal tract establishes a large mucosal surface area that forms the 

interface between host and environment. This barrier needs to be able to transport 

essential nutrients and fluid, prevent uptake of detrimental molecules and waste, while 

simultaneously participating in immune system regulation. The healthy gastrointestinal 

tract contains commensal organisms, which live symbiotically together and do not 

induce disease.234 Given that the mucosal barrier needs to be breached for entry to the 

host, it is not unexpected that a variety of bacterial organisms exploit the regulatory and 

structural components. 

Helicobacter pylori (H. pylori) is a common chronic bacterial infection associated with 

the development of gastritis, peptic ulcer disease, and implicated in the pathogenesis of 

gastric cancer. Literature over the past three decades has described the H. pylori 

mechanisms associated with disruption of the gastric mucosal barrier to facilitate host 

colonisation.235 The major barrier disrupting proteins are: cytotoxicity-associated gene 

A (CagA), vacuolating cytotoxin A (VacA), and high-temperature requirement A 

(HtrA).236 CagA is an 120 kDa protein, encoded by the cag pathogenicity island seen in 

highly virulent H. pylori strains. The pathogenicity island also encodes a type IV 

secretion system, which is used to deliver CagA into gastric epithelial cells when H. 

pylori interacts with the basolateral portion of the cell.237 CagA is known to alter several 

TJ, AJ and associated support proteins including ZO-1, JAM, E-cadherin, MARK2, and 

claudins.236 VacA is secreted as an 88 kDa monomer which oligomerizes in solution, 

until VacA undergoes proteolytic cleavage into two smaller active molecules. It is 

unclear how VacA increases epithelial permeability as a specific target has not been 

identified. However, it is known to cause an influx of extracellular Ca2+ and 
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rearrangement of the F-actin cytoskeleton.236 HtrA is a soluble serine protease, which 

specifically cleaves E-cadherin in the AJ complex and allows H. pylori to migrate across 

the cell layer.238 HtrA is remarkably thermostable, active across extreme pH changes, 

and resistant to a number of denaturing procedures.239 Interestingly, all three of H. 

pylori factors have been identified in secreted extracellular vesicles (EVs). CagA is found 

in associated with both the outer membrane of H. pylori and secreted EVs, while VacA 

is located within the EVs. HtrA is significantly enriched in the EVs, compared to the H. 

pylori outer membrane.240 Beyond the secreted toxins, chronic H. pylori infection is 

associated with  significant reductions in mucosal zinc concentrations and a reciprocal 

increase in neutrophilic inflammation.241 

The majority of Escherichia coli (E. coli) are non-pathogenic commensals of the 

gastrointestinal tract, however specific pathogenic strains have been linked to mucosal 

barrier disruption. In particular, the enterohaemorrhagic E. coli (EHEC), 

enteropathogenic E. coli (EPEC), enterotoxigenic E. coli (ETEC), and adherent-invasive 

E. coli (AIEC).242 EHEC is a producer of shiga toxin, which induces a severe 

haemorrhagic colitis. Murine in-vivo experiments have identified EHEC decreases 

expression of TJ proteins occludin, claudin-3, and increased claudin-2.243 Additionally, 

an in-vitro EHEC infection model resulted in alteration of ZO-1 via protein kinase C 

activation of MLCK.244 EPEC induces cytoskeletal contraction and subsequent tight 

junction dysfunction by phosphorylation of MLCK, and dephosphorylation of 

occludin.245 EPEC and EHEC produce E. coli secreted protein F (EspF), EspG, and EspM, 

which have been linked to barrier disruption via various mechanisms related to the type 

3 secretion system of gram negative bacteria.246 Morampudi et al., (2017) demonstrated 

that EspG severely disrupts the crucial TJ protein tricellulin, resulting in rapid barrier 

disruption.247 ETEC produce numerous virulence factors including adhesions and 
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enterotoxins, such as heat labile toxin (LT), heat resistant toxin-a (STa), and heat 

resistant toxin-b (STb).248 LT is an 85 kDa protein that has structural similarities with 

Cholera toxin. In-vitro TEER and Papp of cell monolayers are significantly altered by LT, 

although the cellular target it unknown.249 STa is a small peptide with a molecular 

weight of 2000 Da, which activates a guanylate cyclase receptor resulting in activation 

of a G protein second messenger system. Secondary colon cell line T84 showed dramatic 

decreases in TEER when exposed to STa, however Papp remained unaffected.250 STb is 

a peptide of 5200 Da size, which is internalised by host endocytosis after binding to 

glycosphingolipid sulfatide in the gastrointestinal tract.251 STb caused reductions in 

TEER, an increase in Papp, and alterations of F actin, ZO-1, occludin, and claudin-1. 

Interestingly, an 8-amino acid peptide sequence derived from STb was comparably as 

active on the TJ barrier as the full-length toxin. This peptide sequence is also shared by 

Zonula occludens toxin (ZOT) a TJ disrupting toxin of Vibrio cholerae (V. cholerae).251 

AIEC strains are known to affect the TJ barrier, with a previous in-vivo model 

demonstrating increased claudin-2 expression and increased permeability.252 Gibold et 

al., (2016) recently described a novel virulence factor termed Vat-AIEC which 

contributes to bacterial penetration across the mucosal barrier.253 Additionally, recent 

works have identified that E. coli also package pathogenic toxins in EVs.254–256 Horstman 

and Kuehn, (2000) identified that LT was significantly augmented on the outside and 

inside of E. coli produced EVs. Furthermore, toxin and EV production was strain and 

growth condition dependent with increased EV production seen in more virulent 

strains.255 Cytolethal distending toxin, shiga toxin 2a, and shigella enterotoxin-1 have 

also been isolated from E. coli EVs.254,256 

V. cholerae is a highly virulent gram negative bacteria responsible for severe diarrhoea, 

dehydration, and if untreated can be fatal.257 V. cholerae secretes two factors that alter 
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the gastrointestinal TJ barrier by separate mechanisms. Hemagglutinin/protease (HA/P) 

is a member of the metalloprotease family, and secreted by pathogenic and non-

pathogenic vibrio strains. Initial research identified that HA/P efficiently disrupts the TJ 

barrier as shown by reduction in TEER, disrupts ZO-1, and significantly redistributes F-

actin.258 It was subsequently shown that HA/P degrades occludin in a highly specific 

manner by degrading only its extracellular domains. Redistribution of ZO-1 is thought 

to be secondary to either occludin degradation or via another indirect mechanism, as it 

is not degraded by HA/P.259 Fasano et al., (1991) discovered another toxin, which was 

named zonula occludens toxin (ZOT) after its effect on ZO localisation.260 A follow up 

study confirmed that the ZOT action is readily reversible, and that it interacts with a 

surface receptor to activate PKC induced alterations of G- and F-actin.261 ZOT targets 

both leak and pore pathways of the barrier, however preferentially increases the 

macromolecular leak pathway.262 As mentioned previously the ZOT activity is due to a 

small peptide (amino acids 288-293 of ZOT), which activates proteinase activated 

receptor-2 (PAR-2) due to its similarity with host PAR agonists.263 V. cholerae 

demonstrates various mechanisms by which bacteria utilise to alter the TJ barrier i.e. 

factors that directly target TJ proteins and those that exploit host signalling events to 

disrupt TJ proteins. 

The majority of gastrointestinal toxin research focuses on gram negative bacteria, 

however there are notable examples of gram positive induced barrier disruption.  

S. aureus has been reported to contribute to gastrointestinal mucosal barrier 

dysfunction, however the literature is limited. S. aureus superantigens SEA and SEB 

penetrate the mucosa by altering apical endosomal processing to utilise transcytosis to 

reach the basolateral cell border and lamina propria.264,265 Once in the subepithelial 

layers, superantigen T and B cell activation leads to decreases in TEER and increases in 
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permeability. Interestingly, the anti-inflammatory cytokine IL-10 significantly 

attenuated the immune mediated barrier dysfunction by SEB.266 Another study showed 

that SEB activated peripheral blood mononuclear cells alter the barrier and secretory 

function of an in-vitro colonic cell line. INF- and TNF- were found to be the principal 

cytokines inducing the response.267 Kwak et al., (2012) established that HLA has barrier 

disrupting effects on colorectal cell line Caco-2. The target of HLA was noted to be on 

the basolateral portion of the cell monolayers, and when activated resulted in 

diminished TEER in a dose and time dependent pattern.268 Additionally, there were 

observable reductions in ZO-1, ZO-3, occludin and E-cadherin proteins, while mRNA 

expression levels of ZO-1 and occludin were significantly increased. The barrier changes 

seem to be secondary to extracellular Ca2+ influx, possibly due to HLAs pore forming 

function.268,269 

C. difficile is a spore forming gram positive anaerobic bacteria, that is associated with 

pseudomembranous colitis. C. difficile is known to produce several highly pathogenic 

toxins such as toxin A and toxin B, both of which target the TJ barrier.270,271 Toxin A and 

B are exceedingly effective at disrupting TEER and Papp barrier function with active 

concentrations as little as 0.7 g/ml.270,271 These toxins inactivate the Rho family of 

GTPases, which are essential in the maintenance of F-actin. This precipitates F-actin 

reorganisation and subsequently results in considerable disruption of ZO-1, ZO-2, 

occludin, and E-cadherin.272 Epithelial and myofibroblast TGF- is a protective factor 

against low concentrations of C. difficile toxins, and this may partly explain why there 

are asymptomatic carriers of C. difficile.273 

The gastrointestinal literature provides several examples of secreted bacterial factors 

that alter the mucosal epithelial barrier. These factors illustrate the diversity of bacterial 

mechanisms to alter the barrier function including direct targeting of intercellular 
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barrier proteins, targeting the cytoskeleton, or inducing host signals that alter barrier 

integrity. 

 

Zinc and barrier function 

Zinc is an essential trace element required for basic cell functions, immune regulation, 

and cell survival.274 In addition to these broad processes, zinc has important 

implications in the maintenance of mucosal barrier function. 

Early research by Roy et al., (1992) demonstrated a reversal of intestinal permeability 

with zinc supplementation in children with acute and chronic diarrhoea. This was 

evidenced by normalisation of the lactulose mannitol urinary excretion ratio, as an 

indicator of permeability.275 Zinc’s role in maintaining the epithelial barrier is supported 

by an experimental animal model of barrier dysfunction caused by protein malnutrition. 

This model demonstrated that high dose dietary zinc reverses reductions in TEER and 

increases in permeability, although the primary mechanism was unknown.276 

Additionally, zinc supplementation in children with Shigellosis improves intestinal 

barrier function showing significant improvements in permeability and nutritional 

absorption.277 The mechanism of zinc induced protection from Shigella infection was 

only recently described. Kazi et al., (2014) demonstrated that Shigella infection leads to 

reductions in claudin-1 and claudin-2 via the second messenger system cAMP, which 

was readily reversed with zinc treatment.278  

The effects of zinc supplementation in IBD were studied on a small cohort of 12 patients 

with inactive Crohn’s disease. Permeability testing revealed inactive patients show 

increased barrier permeability. After oral zinc supplementation barrier permeability 

returned to normal in 10 of 12 patients.279 This suggests that zinc is not only effective for 
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remedying bacterially induced barrier dysfunction, but also for the intrinsic barrier 

dysfunction seen in Crohn’s disease. 

In-vitro studies have further emphasised the effects of zinc on the maintenance and 

enhancement of gastrointestinal barrier function. A study utilising Caco-2 cells that 

were cultivated in zinc deficient conditions demonstrated a significantly reduced TEER 

over maturation of the cultures across 18 days. This change was coupled with 

immunofluorescence defects in TJ proteins occludin and ZO-1, AJ proteins E-cadherin 

and -catenin, and cytoskeletal proteins F-actin and -tubulin. Quantitative protein 

analysis identified lower levels of occludin, ZO-1, and -tubulin. Additionally, zinc 

deficient cultures produced higher chemotactic cytokines and induced the 

transepithelial migration of polymorphonuclear neutrophils.280 The authors Miyoshi, 

Tanabe, and Suzuki, (2016) demonstrated that intracellular zinc chelation with TPEN 

(N,N,N’,N’-tetrakis(2-pyridinylmethyl)-1,2-ethanediamine) results in significant 

alteration of both TEER and permeability with no cell apoptosis or death. Barrier 

dysfunction was due to down regulation of both occludin by increased proteolysis, and 

claudin-3 at the transcriptional level.281 

Interestingly, a previous study showed that even a healthy mucosal barrier is enhanced 

by zinc supplementation. This was evidenced by an increase in electrical tightness 

measured by TEER, and a decrease in large molecule permeability. Claudin-2 and 

claudin-7 were significantly reduced at the protein level by the zinc supplementation.282 

Shao et al., (2017) showed that zinc supplementation of Caco-2 cells increased cell 

proliferation, increased TEER, and enhanced ZO-1 expression. The barrier function 

alterations were mediated by activation of the intracellular signalling phosphoinositide 

3-kinase (PI3K) pathway. PI3K further activates AKT and mTOR pathways, both of 

which are involved in cell cycle regulation and proliferation.283 This has potential 
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implications in the repair of mucosal injury and barrier dysfunction by targeting this 

pathway with zinc or a novel agent.  
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Table 3. Summary of factors products with gastrointestinal mucosal barrier disrupting 
properties. 

Factor/toxin/protein Factor function/family 
Mass 
(kDa) 

Cellular 
compartment 

Mechanism of barrier 
dysfunction 

Cytokine 

- TNF- 222 
— — — 

Decreased TEER, increased Papp—

secondary to NF-. ZO-1 
disruption. 

Cytokine 

- IFN- 230 
— — — 

Combined with TNF-: alters 
claudin 2-4, increases Papp, 

decreases TEER 

Cytokine 

- IL-13 224(p13) 
— — — 

Decreases TEER – dose and time 
dependent. Increases Papp. 

Upregulates claudin-2. 

C. difficile 

- Toxin A 273 

Cysteine-type peptidase 
activity/ 

Glycosyltransferase family 
44 

308 
Secreted, 

extracellular 

Inactivates Rho family of GTPases, 
causes F-actin reorganisation. 

Alterations in ZO-1, ZO-2, occludin, 
& E-cadherin. 

C. difficile 

- Toxin B 272 

Cysteine-type peptidase 
activity/ 

Glycosyltransferase family 
44 

269 
Secreted, 

extracellular 

Inactivates Rho family of GTPases, 
causes F-actin reorganisation. 

Alterations in ZO-1, ZO-2, occludin, 
& E-cadherin. 

E. coli 

- EspG 247 

Cysteine-type 

endopeptidase 
43 

Secreted, 

extracellular region 

Alpha tubulin specific protease, 

alters tricellulin. 

E. coli 

- LT 249 
Enterotoxin 85 Extracellular, EV 

Decreases TEER, increases Papp. 
Structural similarities with cholera 

toxin. Unknown target 

E. coli 

- STa 250 
Enterotoxin 2 Extracellular 

Activates guanylate cyclase 
receptors: decreases TEER. 

E. coli 

- STb 251 
Enterotoxin 5.2 — 

Internalised by cell. Possibly causes 
Ca2+ influx: alteration of F actin, 

ZO-1, occludin, & claudin-1. Similar 
to ZOT toxin. 

E. coli 

- Vat-AIEC 253 

Serine protease/ 
Autotransporter 

— — 

Increases bacterial penetration 
across mucosa, degrades mucin. 

Increased claudin-2 expression, & 
increased Papp. 

H. pylori 

- CagA 236,237 

Toxin transmembrane 
transporter 

120 Extracellular, EV 
Phosphorylation dependent changes 
in ZO-1, JAM, & E-cadherin. Inhibits 

Par1b/MARK2. 

H. pylori 

- VacA 236,237 
Toxin/AT-1 family 88 

Cell outer 
membrane, 
secreted, EV 

Ca2+ influx & F-actin 
rearrangement. 

H. pylori 

- HtrA 238 

Serine-type endopeptidase/ 
S1C family 

51 Periplasm, EV Cleaves E-cadherin. 

S. aureus 

- HLA 268 
Pore forming toxin 35 Extracellular, EV 

ZO-1, ZO-3, occludin, & E-cadherin 
reductions; due to Ca2+ influx. 

S. aureus 

- SEB 266 
Enterotoxin 29 Extracellular 

INF- and TNF- mediated TEER 
reduction & Papp increase. 

Attenuated by IL-10. 

V. cholera 

- HA/P 259 
Metalloprotease 65 

Secreted, 
extracellular, EV 

Cleaves extracellular occludin, 
indirectly alters ZO-1 & F-actin. 

V. cholera 

- ZOT 261,263 
Enterotoxin 44 

Outer membrane, 
secreted 

extracellular 

Activates PKC: induces G and F-
actin changes. PAR2 agonist. Alters 

TEER & Papp. 

Zinc chelator 

- TPEN 281 
Intracellular zinc chelator — — TEER reduction, & Papp increase. 
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Dermatological barrier function as a paradigm 

The skin barrier is vitally important as the physical barrier between the host and 

environment. The components of the barrier function can be divided into the superficial 

stratum corneum (components include corneocytes, lipid matrix, keratin filaments) and 

the nucleated epidermis (components include TJs, AJs, GJs, and keratin proteins).284 As 

the nucleated epidermis is a stratified multilayered epithelium it is formed (from 

superficial to deep) by the stratum granulosum, stratum spinosum, and stratum basale. 

Each layer acquires a specific set of intercellular junction proteins, however TJ function 

and regulation primarily occurs in the stratum granulosum.285 The focus of this section 

will be on the abnormalities in the nucleated epidermal barrier function, in particular 

TJ abnormalities due to microbes or relevant host pathologies (Table 4). 

 

Epidermal bacteria and their extracellular products 

S. aureus has been implicated in the development and persistence of dermatological 

pathologies. S. aureus produces a family of exfoliative toxins, which are responsible for 

scalded skin syndrome. Exfoliative toxins A and B are structurally similar to serine 

proteases; however, they have very specific host targets.286 The targets were identified 

almost 3 decades after the description of the clinical disease and characterization of the 

toxin. Amagai et al., (2000) demonstrated that desmosomal cadherin desmoglein-1 was 

effectively cleaved by exfoliative toxin A (ETA).287 Further studies confirmed that 

exfoliative toxin B also targeted desmoglein-1.288 In skin, desmoglein-1 is found 

throughout the epithelium. However, other desmogleins are specific to the site such as 

desmoglein-3 which is found in the basal layers and in mucosa. This may explain why 

the effects of this toxin are not seen on mucosa as desmoglein-3 is able to compensate 

for the loss of desmoglein-1.289 
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Bukowski et al., (2000) identified that children with atopic dermatitis (AD) were 

significantly more likely to be colonised with S. aureus when compared to healthy 

controls. Additionally, the S. aureus strain was more likely to produce a form of 

superantigen such as SEA, SEB, SEC, SED, or TSST-1. Children colonised with S. aureus 

had more severe AD disease scores, and those with a superantigen producing strain had 

the worst severity. A subset of these patients with SEB positive S. aureus demonstrated 

higher percentages of intradermal superantigen responsive T cells290 Currently, it is not 

known how S. aureus superantigens influence epidermal intercellular junction proteins, 

or whether they gain access across the barrier due to another mechanism. A study by 

Ohnemus et al., (2008) established that toxin negative S. aureus and Staphylococcus 

epidermidis (S. epidermidis) strains also alter the intercellular barrier junction in skin. 

In-vitro exposure to superantigen null S. aureus causes significant reductions in the 

staining intensity of claudin-1, occludin, ZO-1, E-cadherin, desmoplakin 1 and 2, and 

protein kinase C. Comparatively, S. epidermidis appears less virulent and only affects 

ZO-1. The effects of superantigen null S. aureus were replicated in an in-vivo porcine skin 

model, showing dramatic reductions in ZO-1, claudin-1, E-cadherin, and desmoplakin 

localisation.291 The molecular mechanism or responsible factor related to these effect 

has yet to be elucidated.  

S. aureus strains isolated from the skin of atopic dermatitis patients exhibited proteolytic 

activity, which was largely due to the serine protease family.292 The proteolytic activity 

of isolates from atopic dermatitis patients tended to be moderate to high, while isolates 

from control patients had essentially nil or weak proteolytic activity.292 Hirasawa et al., 

(2010) hypothesised that the S. aureus protease family may potentiate epidermal barrier 

dysfunction in AD.293 Utilising a mouse model the authors demonstrated that skin 

treatment with increasing doses of S. aureus V8 serine protease resulted in significantly 
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increased epidermal permeability to water and small molecule penetration. Barrier 

disruption was observed in doses as low as 5 g/ml, while S. aureus production of V8 

protease is thought to be in the range of 50 g/ml.292  

Streptococcus pyogenes (S. pyogenes) is a common cause of invasive soft tissue and skin 

infections. Cywes and Wessels, (2001) showed that S. pyogenes binds to keratinocyte 

CD44 to induce a change in the cellular cytoskeleton. The cytoskeletal rearrangement 

subsequently opens the intercellular junctions with loss of ZO-1 and E-cadherin on 

immunofluorescence microscopy. Additionally, intercellular disruption was associated 

with increased translocation of S. pyogenes across the cellular layers. Interestingly, they 

found that the response was likely due to the hyaluronic acid capsular polysaccharide 

produced by S. pyogenes.294 

 

Inflammatory skin disorders 

AD is an inflammatory skin disorder that is characterised by excessive Th2 cell activity, 

and enhanced immune response to external allergens. Recent studies have identified 

innate barrier defects in affected and non-affected skin of AD sufferers. De Benedetto et 

al., (2011) evaluated the TJ localisation and gene expression in AD. They identified that 

claudin-1 and claudin-23 expression are reduced at the protein and mRNA levels in the 

epidermis; this was identified even without active disease. Furthermore claudin-1 

expression showed an inverse relationship with total IgE and eosinophil counts. 

Functional barrier tests showed that ex-vivo AD epidermis has significantly reduced 

TEER and increased permeability. In addition, in-vitro claudin-1 silencing observed 

comparable effects on barrier function.295 Hata et al., (2002) demonstrated that non-

affected AD skin had increased penetration of hydrophilic and lipophilic dyes.296 Similar 
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to Crohn’s disease, this suggests that the barrier defect exists prior to the initiation of 

inflammation and injury. 

AD patients are known to exhibit higher expression of the cytokines IL-1, TNF-, and 

IL-12 in the epidermis, and also generate a larger response to allergens when compared 

to healthy controls.297 IL-1 and TNF- treatment of ex-vivo porcine and human skin 

models results in intensified localisation of occludin and ZO-1, and down regulation of 

claudin-1 protein localisation and gene expression. This was coupled with an initial 

increase in TEER, followed by a maximal decrease of TEER at 72 hours.298 Ku et al., 

(2013) demonstrated that TLR2 agonists such as S. aureus derived peptidoglycan and 

synthetic TLR2 agonists tightened the epidermal barrier with increases in TEER. An 

induction of TJ proteins claudin-1, claudin-23, occludin, and ZO-1 was observed 

simultaneously with changes in TEER. The authors suggested that this may be a 

protective event, that could be induced by an organism trying to colonise or invade the 

epithelium.299 Interestingly, TLR1 and TLR2 are under expressed in patients with AD, 

and are inversely correlated with increased epithelial permeability.299 Since TLR2 

positively regulates TJ proteins this may explain the previous findings that claudin-1 and 

claudin-23 are more likely to be under expressed in patients with AD. 

Furthermore, GJ function appears to be important in maintenance of skin integrity and 

implicated in AD pathophysiology. Tawdy, Rashed, and Alhanafy, (2011) conducted a 

small observational study on patients with and without atopic dermatitis, which 

identified that connexin-43 mRNA was significantly upregulated in atopic dermatitis 

skin biopsies.  300 De Benedetto et al., (2011) found that connexin-26 and connexin-62 

were upregulated in atopic dermatitis, which they confirmed was due to reduction in 

claudin-1 expression.295  



 58 

Psoriasis is a chronic inflammatory skin condition with a predominant Th1/Th17 

inflammatory profile. The pathophysiology is complex with contributing genetic, 

immunological, and environmental factors.301 A defective stratum corneum is central to 

psoriasis, however there are studies that outline abnormalities of intercellular junction 

proteins in the nucleated epidermis. In psoriatic skin, keratinocytes express occludin 

earlier as they migrate to the most superficial portion of the nucleated epidermis. In 

comparison, healthy skin only expresses occludin at the apical most intercellular 

junction or the so called “kissing point”.302 Further research supported these findings, 

and additionally found that ZO-1 expression was abnormally broad across the 

epithelium. Kirschner et al., (2009) identified that TJ protein localisation is altered in 

the early development of psoriasis plaques. Their study found that claudin-1 and 

claudin-7 staining was significantly decreased, and alteration of JAM-A in the apical 

most epithelial layers. Interestingly, the loss of TJ expression was detected near CD15+ 

expressing inflammatory granulocytes.298 It is still unclear whether the TJ response in 

psoriasis is a primary defect or secondary to another inciting factor. It is possible that 

the TJ protein expression is initiated earlier in epidermal cell proliferation to 

compensate for the barrier defects of the stratum corneum. 
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Table 4. Summary of factors with epidermal barrier disrupting properties. 

Factor/toxin/protein 
Factor 

function/family 
Mass 
(kDa) 

Cellular compartment 
Mechanism of barrier 

dysfunction 

Cytokines 

- IL-1 298 
— — — 

Down regulation of 
claudin-1 protein/mRNA. 

Decreased TEER 

Cytokines 

- TNF- 298 
— — — 

Down regulation of 
claudin-1 protein/mRNA. 

Decreased TEER 

S. aureus 

- ETA 286 

Serine protease with 
limited specificity 

31 Extracellular/secreted Cleaves desmoglein-1 

S. aureus 

- ETB 286 

Serine protease with 
limited specificity 

30 Extracellular/secreted Cleaves desmoglein-1 

S. aureus 

- V8 protease 293 
Serine protease 29 Extracellular/secreted 

Unknown target. Increased 
epidermal permeability 

S. pyogenes 

- Hyaluronic acid capsular 
polysaccharide 294 

Repeating units of 
hyaluronic acid 

>106 
Cell membrane 

surface/bacterial capsule 

Alters ZO-1 & E-cadherin. 
Increased bacterial 

translocation 

 

 

Pulmonary barrier dysfunction as a paradigm 

Compared to the study of the gastrointestinal and dermatological barriers, the lower 

airway barrier is inherently more difficult to access and introducing inflammatory 

agents, bacteria or bacterial products in animal models is more invasive. The literature 

presents notable examples of barrier disruption mechanisms, which could be likened to 

the upper airway barrier (Table 5). 

 

Bacterial factors altering the lower airway barrier 

P. aeruginosa toxins such as elastase, exotoxin A, and exoS are known to disrupt TJ 

structures both in-vitro and in-vivo.303–306 Treatment of lung epithelial cells with P. 

aeruginosa elastase results in dramatic reductions in TEER, ZO-1, and occludin, within 

15 minutes of treatment. P. aeruginosa elastase induced barrier dysfunction is dependent 

on PKC signaling, which subsequently removes ZO-1 and occludin from the peri-

junctional membrane.304 Aerosolized P. aeruginosa elastase increased the rate of 
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transfer of radiolabeled albumin across the lung barrier in a small animal model in a 

dose and time dependent manner. Additionally, the increased paracellular permeability 

in this model was not associated with interstitial oedema, indicating a specific 

disruption of the leak pathway.307 Another study compared the pulmonary barrier 

disrupting activities of P. aeruginosa elastase and LPS. P. aeruginosa elastase exhibited 

more barrier disrupting effect than LPS, as measured by exchange of aerosolized 

albumin (air to blood direction) and endogenous albumin (blood to pulmonary air 

spaces). However, LPS demonstrated some alteration of the barrier integrity, which was 

associated with increased inflammatory mediators (white blood cells, neutrophils, IL-

8).308 This suggests that the barrier disrupting properties of LPS may be indirect, via a 

proinflammatory response. 

There is little in-vivo evidence demonstrating the pulmonary barrier disrupting effects 

of S. aureus. McElroy et al., (1999) utilized a rat model of S. aureus pulmonary infection 

including a HLA defective mutant strain, which suggested that HLA is involved in 

disrupting the pulmonary barrier. However, this was not specific to intercellular 

junction disruption and may be due to alveolar cell necrosis/apoptosis.309 Another small 

animal study demonstrated that beta hemolysin (HLB) is necessary to induce 

inflammation and increase pulmonary leakiness. The sphingomyelinase activity of HLB 

targets the surface epithelial protein syndecan-1.310 Intestinal cell experiments have 

previously shown that syndecan-1 is vital in maintaining barrier function when 

stimulated with S. aureus.311 

The opportunistic pathogen Burkholderia cenocepacia seen in cystic fibrosis has shown 

TJ altering functions in-vitro, showing disrupted occludin staining and a functionally 

impaired barrier.312 Similarly, Burkholderia thailandensis and Francisella tularensis (F. 

tularensis) decrease TEER, increase permeability, and disrupt occludin localisation. Both 
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organisms show increasing transepithelial migration and TNF- release with higher 

bacterial loads.313 A specific secreted factor from either Burkholderia species or F. 

tularensis has not been identified. 

Interestingly, treatment of bronchial epithelial cells with the TLR2 ligands 

peptidoglycans and Pam3CSK4 (P3C) results in an increase in barrier function, 

evidenced by significant increases in TEER and less permeability. This was associated 

with increased gene expression of ZO-1 and claudin-1 by 30 and 200 fold respectively, 

and increases in the TJ localisation of each protein.314 Furthermore, there is suggestion 

that TLR2 may influence GJ protein connexin 43.315 These examples could represent a 

TLR2 dependent epithelial defence mechanism to prevent bacterial penetration or entry 

of toxins. 

There are examples of bacteria and toxin induced pulmonary endothelial barrier 

disruption. Although, this barrier is different from a mucosal interface it highlights 

potentially important bacterial invasion mechanisms. Pai et al., (2012) demonstrated 

that S. aureus derived LTA induces barrier dysfunction in pulmonary endothelial cells.316 

This was shown to be due to TLR2 activation and subsequent generation of ROS and 

reactive nitrogen species. However, there was no visualisation of the barrier proteins or 

structures to further understand how LTA or TLR2 activation influences the endothelial 

TJ/AJ proteins. Another study found that mice challenged with intratracheal heat killed 

S. aureus exhibited prominent pulmonary leakage of labelled albumin.317 Gram positive 

pneumococcal species derived pneumolysin toxin and gram negative bacteria derived 

LPS treatment of endothelial monolayers leads to a reduction in vascular specific AJ 

proteins. A mouse model demonstrated that pneuomolysin and LPS separately induce 

pulmonary endothelial barrier dysfunction. Additionally, pneuomolysin was shown to 

increase intracellular calcium flux and increase barrier dysfunction by activating PKC.318 
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Zinc and the lower airway barrier 

Zinc’s role in the lower airway barrier function is not completely understood. However, 

there is evidence that for zinc contributes to barrier maintenance and protection against 

inflammatory insults.   

Bao and Knoell, (2006) found that zinc depletion enhances barrier disruption and 

apoptotic responses to IFN- and TNF- in both fully differentiated human lung airway 

epithelial cells and human alveolar epithelial cells.319 Barrier integrity was quantified 

using TEER and macromolecular permeability, showing dysfunction after 4 hours of 

treatment with inflammatory cytokines and intracellular zinc chelator TPEN. 

Interestingly, TPEN or cytokine treatment alone did not alter the barrier function. 

Combination treatment (TPEN, IFN- and TNF-) leads to cleavage of AJ proteins E-

cadherin and -catenin, which was thought to be due to an increase in caspase 3 activity. 

Additionally, zinc replacement was more effective at preventing barrier disruption and 

apoptosis than inhibition of caspase 3, suggesting that AJ cleavage is not entirely 

mediated by this pathway. 

More recent research has shown that in-vitro bronchial epithelial cells down regulate TJ 

proteins claudin-1, ZO-1, and occludin in response to zinc depletion. This was associated 

with a reduction in TEER and increase in macromolecular paracellular permeability. 

Additionally, this model demonstrated that cigarette smoke extract produced an 

additive effect with the local zinc deficiency.320 These studies imply that zinc deficiency 

may predispose the epithelial barrier to further disruption when challenged by external 

or inflammatory factors. 
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Table 5. Summary of factors with pulmonary barrier altering properties. 

Factor/toxin/protein Factor function/family 
Mass 
(kDa) 

Cellular 
compartment 

Mechanism of barrier 
dysfunction 

Bacterial cell wall 

- Lipopolysaccharide 
(Pseudomonas derived) 

308 

Gram negative bacterial 
cell wall component. 
Repeating subunits 

— Cell wall, EV 
Increase in pulmonary endothelial 

permeability 

Gram positive 
pneumococci species 

- Pneumolysin 318 

Cholesterol binding, pore 
forming cytolysin 

53 
Extracellular, 

cell membrane 

Decreased in endothelial/vascular 
specific VE cadherin. Decreased 

TEER. Increased intracellular 
calcium and PKC activity 

P. aeruginosa 

- Elastase 303,307,308 

Cleaves elastin, collagen, 
Ig/ Peptidase M4 family 

53 Extracellular 
Decreased TEER, ZO-1, and occludin 

via PKC signaling 

P. aeruginosa 

- Exotoxin A 305 

Inhibits elongation 
factor-2/ Mono-ADP-

ribosyltransferase family 
66 Extracellular 

Decreased TEER when applied to 
basal cell surface; decrease ZO-1 and 

ZO-2. Blocks TJ synthesis 

S. aureus 

- HLA 309 
Pore forming toxin 35 Extracellular, EV 

Alveolar cell apoptosis/necrosis 
mediated pulmonary barrier 

dysfunction 

S. aureus 

- HLB 310 

Neutral 
sphingomyelinase 

33 Extracellular 

Increased pulmonary barrier 
permeability via Syndecan-1 

shedding (neutrophil chemotactic 
factor) 

S. aureus derived 

- LTA 316 

Membrane associated cell 
wall component. 

Repeating subunits 
— Cell wall, EV 

Pulmonary endothelial barrier 
dysfunction: increases permeability 

to albumin. 

TLR2 agonists 314 

- Peptidoglycans 

- PamC3SK4 

— — — 
Barrier enhancement: increased 

TEER, decreased Papp. Increased 
ZO-1 and claudin-1 gene expression 

Zinc depletion + 
Inflammatory cytokines 

- TPEN + IFN- + TNF- + 
FasAb 319 

— — — 
Decreased TEER, increased Papp. 

Cleavage of AJ proteins mediated via 
caspase 3 
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Potential Mediators of Mucosal Barrier Disruption in 

Chronic Rhinosinusitis 

The above discussion provides a basis for the investigation of mediators that may 

potentiate mucosal barrier dysfunction in CRS. There are several in-vitro reports 

modelling the effects of inflammatory factors, and bacteria or their products on the 

TJ/AJ barrier outside of the sinonasal cavity. Previous studies have utilised airway cell 

models to demonstrate the barrier effects of host inflammatory factors relevant to CRS. 

Bacteria and bacterial products are a major contributor to barrier dysfunction in 

epithelial of the intestines, skin, and lower airways.242,293,305,315 The capabilities of several 

bacterial organisms to generate barrier disrupting products and the host factors which 

alter barrier function are of particular interest to CRS pathophysiology. Additionally, 

considering the role of zinc in both gastrointestinal and pulmonary barrier dysfunction 

it would be noteworthy to explore this in CRS as a potential contributor to barrier 

dysfunction. Thus far, little is known about the role of zinc in CRS, and there are no 

reports of its influence on mucosal barrier integrity. 

 

Inflammatory mediators 

Several studies have examined the effects of various cytokines and proinflammatory 

mediators on airway barrier integrity (Table 6). IFN- and TNF- combinations have 

been shown to alter the barrier integrity of bronchial epithelial cells, specifically by 

disrupting occludin, ZO-1, and JAM in a PKC dependent manner.188,196 Another study 

identified that TNF- alters TJ and AJ protein localisation of claudin-3, claudin-4, 

claudin-8, occludin, E-cadherin, and p120-catenin via the non-receptor tyrosine src-

kinase family.321 Soyka et al., (2012) demonstrated that IL-4 and IFN- alter barrier 
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function and TJ localisation.20 Furthermore, IFN- treatments of HNEC-ALI cultures 

derived from controls, CRSsNP, and CRSwNP patients results in separation of cellular 

contacts, evidenced by duplicated peripheral staining of occludin and ZO-1, whereas 

gene expression of claudin-2 and ZO-2 are upregulated after IFN- treatments.20 

Zuckerman et al., (2008) observed that IFN- increased protein levels and staining 

intensity of desmoglein-2, while TNF- and IL-13 had the opposite effect.175  

Additionally, other studies have demonstrated cytokines IL-4, IL-9, IL-13, IL-17, IL-22, 

and IL-26 are associated with in-vitro barrier dysfunction and altered TJ/AJ protein 

expression and localisation.196,322,323 
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Table 6. Summary of inflammatory mediators implicated in airway barrier disruption  

Cell model Stimulus Brief Method Key findings 

16HBE- secondary cell 
line (submerged) 196 

Combination IFN-, & 

TNF- 

IF: occludin 
WB: claudin-1, & 
occludin 

- Increased levels of claudin-1 at 24 hours. 
Both claudin-1 and occludin reduced at 72 
hours 
- Disrupted occludin staining at 72 hours 

16HBE- secondary cell 
line (submerged) 324 

IL-4, IL-13, IL-25, IL-33, 
TSLP +/- JAK inhibitors 

TEER, & Papp 
IF: claudin-4, E-

cadherin, -catenin, 
occludin, ZO-1 
WB: claudin (1, 2 & 
3), E-cadherin, 
occludin, ZO-1 

- IL-4 decreases TEER and increases Papp in 
JAK dependent manner 
- IL-4 altered TJ & AJ protein localisation 
- TJ & AJ protein levels were not reduced 
- IL-13 similarly altered TEER and Papp 

HBE4-E6/E7 
(submerged) 175 

IFN-, TNF-, IL-13 IF & WB: 
Desmoglein-2 

- IFN- caused an increase in desmoglein-2 

staining; while TNF-, & IL-13 decreased 
staining 

HNEC (submerged) 325 TLR ligands: TLR2L, 
TLR3L (poly I:C), TLR4L, 
TLR7/8L, TLR8L, TLR9L 

TEER 
WB: JAM-A 
IF: JAM-A, occludin 

- JAM-A levels reduced by poly I:C. JAM-A, & 
occludin localisation reduced by poly I:C 
- Mediated via PI3K & p38 MAPK pathways 

HNEC-polyp 
(submerged) 194 

IL-13, IL-17 
+/- Dexamethasone; 
Fluticasone; p38 MAPK 
inhibitor; MKP-1 siRNA 

mRNA: occludin 
WB: occludin 

- IL-13 and IL-17 reduce occludin mRNA and 
protein expression; attenuated by both 
dexamethasone and fluticasone 
- p38 MAPK inhibition increases occludin 
protein expression. 

16HBE- secondary cell 
line (ALI) 326 

LPS & Pam3CSK4.  
+/- p38 MAPK inhibitor, 

TGF- inhibitor 

TEER, & Papp 
mRNA: claudin (7 & 
10) 

- LPS & Pam3CSK4 decrease claudins 7 & 10 
- Barrier disruption requires p38 MAPK and 

TGF- signaling 

16HBE- secondary cell 
line (ALI) 327 

Pam3Cys, Poly I:C, LPS, 
flagellin, CpG, 
+/- PKC inhibitors 

TEER, Papp 
IF: E-cadherin, B-
catenin, occludin, 
ZO-1, & F-actin 

- Poly I:C reduced TEER, increased Papp, & 
altered junctional localisation 
- Mediated via PKD phosphorylation 

HBEC (ALI); plus cystic 
fibrosis patient derived 
cells 188 

IFN-, IL-1, & TNF- 
+/- PKC inhibitors 

Ussing chamber RT, 
& Papp 
IF & WB: JAM, ZO-1, 
claudin (1 & 4), & 
occludin 
mRNA: JAM, ICAM 

- Combination IFN- & TNF-: RT decreased, 
increased Papp, disrupted ZO-1 and JAM, 
decreased ZO-1 and JAM protein levels, 
decreased JAM mRNA & increased ICAM-1 
- PKC inhibitors reduced barrier effect  

HBEC (ALI) 321 TNF- 
+/- src-family kinase 
inhibitor 

TEER, & Papp 
IF: claudin (3, 4, & 
8), occludin, E-
cadherin, p120-
catenin 

- TNF- decreased TEER, increased Papp, 
and altered TJ & AJ localisation 
- Src-family kinase inhibitor reduced the 

TNF- effect on barrier integrity 

HBEC (ALI) 322 IL-9, & IL-13 TEER - IL-9, IL-13 & combination all reduced TEER 
- Exposure over 28 days of culture 

HNEC (ALI) – controls, 
non-eosinophilic & 
eosinophilic polyp cells 
328 

TGF-1 TEER, & Papp 
IF: occludin, & ZO-1 

- Decreased TEER, increased Papp, and 
disrupted TJ localisation in all groups 
- Baseline barrier functions were affected in 
both polyp groups  

HNEC-polyp (ALI) 323 IFN-, IFN-, IFN-, IL-1, 

TNF-, IL-4, IL-5, IL-13, 
IL-17, IL-22, IL-26 

TEER, & Papp 
IF: ZO-1 

- Th17 cytokines: IL-17, IL-22, &IL-26 
significantly disrupted the airway barrier 

HNEC (ALI) – controls, 
CRSsNP, CRSwNP cells 
20 

IFN-, IL-4 & IL-17 TEER & Papp 
IF: occludin, & ZO-1 
mRNA: claudin (1 & 
2), occludin, ZO (1 & 
2) 

- TEER reduced, Papp increased by IFN- & 
IL-4; similar response between groups.  

- IFN- caused TJ widening, IL-4 caused 
disruption of TJs 
- IFN- caused upregulation in claudin-2 and 
ZO-2 gene expression 

(AJ) adherens junction; (ALI) air-liquid interface; (EM) electron microscopy; (HBEC) human bronchial epithelial cells; (HNEC) 

human nasal epithelial cells; (IF) immunofluorescence; (MAPK) mitogen-associated protein; (PKC) protein kinase C; (PKD) 

protein kinase D; (TJ) tight junction; (TSLP) thymic stromal lymphopoietin; (WB) western blot. 
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Microbial mediated sinonasal barrier dysfunction 

When compared to the effects of cytokine and proinflammatory mediators, little is 

known about the bacterial influence on the airway barrier. Clarke et al., (2011 

demonstrated in-vivo that H. influenzae and S. pneumoniae intranasal colonization 

influenced tight junction regulation.326 Their research found that claudin-7 and claudin-

10 gene expression were significantly downregulated after colonization with either 

organism. It was confirmed that this was mediated via TLR2 or TLR4 signaling relating 

to gram positive or gram negative stimulation. Additionally, stimulation of TLR4 (with 

gram negative derived LPS) can lead to translocation of gram positive bacteria S. 

pneumoniae suggesting synergy between different organisms.326 An in-vitro airway 

model using the 16HBE14o- bronchial cell line provided evidence that H. influenzae and 

S. pneumoniae both alter barrier integrity as measured by TEER and paracellular 

permeability, via TLR2 or TLR4 downregulation of claudin-7 and claudin-10. This 

occurred through activation of p38 MAPK and TGF-, with subsequent expression of the 

transcription factor SNAIL1.326 SNAIL1 has previously been shown to suppress the 

expression of various claudins.329 

There is a plethora of evidence to implicate S. aureus in the pathogenesis of CRS. S. 

aureus is associated with the initiation and persistence of CRS, recurrent infection, and 

poorer postoperative outcomes.91,95,330,331 There is however, a paucity of literature 

regarding the mucosal airway barrier altering effects of S. aureus.  

Research conducted by Malik et al., (2015) studied the effects of S. aureus supernatant 

products on HNEC-ALI culture barrier function.19 In this study, bacterial conditioned 

media from three strains of S. aureus (ATCC 13565, 14458, and 25923) was applied to the 

HNEC-ALI cultures. It was demonstrated that S. aureus ATCC 13565 was able to disrupt 

the TJ barrier, which was evidenced by dose dependent reductions in TEER and 
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supported by electron microscopy. Furthermore, immunofluorescence microscopy of 

the TJ protein ZO-1 revealed discontinuous staining after S. aureus supernatant exposure 

compared to the continuous loop ZO-1 staining in an intact barrier. Beyond the mucosal 

barrier measures it was seen that this strain did not denude the sinonasal cilia, but it did 

alter the ciliary function.19 The factor(s) responsible were not elucidated in this study, 

although it was postulated it could be due to the SEA superantigen. 

Steelant et al., (2015) published a conference abstract that described the barrier 

disrupting effects of SEB on a secondary bronchial epithelial cell line. SEB exposure 

resulted in decreased TEER, increased permeability, and decreased gene expression of 

claudin-4, occludin, and ZO-1. Conversely, occludin phosphorylation was increased, 

which may represent internalization of the protein.332 Furthermore, Steelant et al., 

presented further work demonstrating that cells harvested from CRSwNP show more 

barrier dysfunction when stimulated with SEB compared to control cells. TLR2 and 

TLR4 were found to be increased in the CRSwNP cell population with TLR4 found to be 

important in regulating occludin expression in response to SEB.333 

TLR mediated barrier dysfunction appears to be implicated in airway cell models. The 

TLR3 ligand polyinosinic:polycytidylic (Poly I:C) alters the localisation of several TJ and 

AJ proteins via different protein kinases.325,327 Both Pam3CSK4 (TLR2) and LPS (TLR4) 

have demonstrated barrier altering effects in-vitro. Airway barrier dysfunction by these 

pathways is dependent on p38 MAPK and TGF- signalling.326 TGF- directly alters 

barrier function and TJ localisation of ZO-1 and occludin in HNEC-ALI cultures derived 

from control, non-eosinophilic and eosinophilic polyp patients. Interestingly, cultures 

derived from non-eosinophilic and eosinophilic polyp patients exhibit abnormal barrier 

function phenotypes without a stimulus and generate a larger response to TGF- 

stimulation compared to controls.328   
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Staphylococcus aureus toxins and virulence factors 

The literature demonstrates several mechanisms for microbes to disrupt the 

intercellular barrier. As discussed there are is evidence for airway barrier dysfunction 

secondary to S. aureus. Additionally, there are several S. aureus toxins or secreted factors 

that show barrier disrupting properties in other epithelial barriers, are structurally 

similar to barrier disrupting toxins of other pathogens, or have important associations 

with CRS. Review of microbial mediated barrier dysfunction illustrates the role of 

bacterial cell wall and membrane components. Previous studies have demonstrated that 

LPS, S. pyogenes derived hyaluronic acid capsular polysaccharide, and LTA mediate 

barrier disruption. Additionally, several of the barrier disrupting bacterial toxins are 

associated with EVs. The S. aureus toxins hemolysins, leukotoxins, cytolysins, 

extracellular proteases, staphylococcal enterotoxins and membrane associated 

components are reviewed below. 

 

Hemolysins, and cytolysins 

Alpha-hemolysin (HLA) 

S. aureus HLA is an extracellular -barrel pore-forming toxin. The water-soluble toxin is 

293 amino acids long and 33 kDa in weight.334 HLA is encoded by the highly conserved 

hla gene, which is present in over 98% of S. aureus isolates.335 Expression and regulation 

of the toxin is controlled by several S. aureus global regulators under a quorum sensing 

system.336 The major regulator is the accessory gene regulator (agr) locus which activates 

secretion via RNA.336,337 Other regulators of HLA production include sar, sae, and rot 

loci.338,339 These genes are activated to switch to exoproteome producing phase in late-

exponential phase with the highest activity of hemolysis in the immediate post-
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exponential phase of bacterial growth.340 HLA monomers bind to lipid bilayer 

membranes forming aggregated oligomers, which produces a stable heptameric 

transmembrane pore.269 Pore formation leads to cell lysis and death due to increased 

permeability to ions, water, and low molecular weight molecules.  

Investigation into the relationship between HLA and the integrity of paracellular 

junctions suggests that it is able to disrupt several innate barriers. Early in-vivo work 

showed that HLA perfused rabbit lungs resulted in severe vascular leakage and capillary 

filtration coefficients greater than 10-fold of normal, however comparison was not made 

to human derived cells despite the known sensitivity of rabbit cells to HLA.341,342 

Cultured porcine endothelial cells exposed to 1 g/ml of the toxin leads to an increased 

fluid filtration rate of 75-fold and permeability to albumin, while ultrastructural 

scanning electron microscopy demonstrated large paracellular gaps.343 Studies 

examining the effects on human umbilical vein cells (HUVEC) and ex-vivo rat ileum 

displayed a rapid response (10 minutes) of the endothelial barrier to 1 g/ml of HLA with 

disassembly of vascular-endothelial cadherin (VE-cadherin) and occludin, which was 

related to the activation of MLCK and cell contraction.344,345 More recently it was shown 

that the mechanism for vascular dysfunction in murine sepsis model is due to the 

binding of HLA to disintegrin and metalloproteinase domain-containing protein 10 

(ADAM10) and subsequent cleavage of VE-cadherin and reduction in TEER.346 

Interestingly, in-vitro human epithelial colorectal adenocarcinoma cells (Caco-2) only 

showed signs of mucosal barrier dysfunction to HLA when exposed on the basolateral 

surface of the cell monolayer. This indicates that the receptor is not ubiquitous to the 

all surfaces of the cell and is highly selective.268 

Ex-vivo murine tracheal epithelium had a significant increase in the passage of 

fluorescent 4 kDa dextran when exposed to either 1 or 10ug/ml of toxin.347 Apically 
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applied HLA caused rapid reductions in electrical resistance of A549 alveolar cells 

(Adenocarcinomic human alveolar basal epithelial cells) and 16HBE14o− cells 

(immortalised human bronchial epithelial cell line) via proteolysis of E-cadherin, 

mediated via ADAM10.348 Another study observed that 16HBE14o− and S9 cells 

(immortalised human bronchial cells) showed a significant difference in responses of 

the cell junction, cell-matrix contacts, and actin cytoskeleton during exposure to the 

toxin. This differential result was associated with decreased surface expression of 

ADAM10 and opposite responses of epidermal growth factor receptor (EGFR).349  

Ex-vivo explants of paranasal sinus mucosa exposed to 10 g/ml of HLA initially show 

an increase in ciliary beat frequency. However, by 12 hours this reduces and completely 

ceases at 24 hours; 50 g/ml of toxin resulted in ciliostasis 2 hours after exposure.23 

HLA alters the cell barrier of endothelial, intestinal epithelial, bronchial, and alveolar 

cells. Given the repertoire of cell barrier interfaces that HLA disrupts—it could be 

postulated that the sinonasal barrier is also a HLA target. 

 

Beta-hemolysin (HLB) 

HLB (sphingomyelinase C) is a 37 kDa neutral sphingomyelinase secreted by S. aureus, 

which hydrolyses the plasma membrane lipid sphingomyelin.350 S. aureus strains are 

able to secrete up to 500 g/ml of HLB, with secretion beginning in the log phase and 

extending into the post-exponential growth phase.350,351  

HLB has demonstrated cytotoxic activities against erythrocytes and leukocytes. Several 

leukocytes are affected by HLB such as monocytes, lymphocytes, and neutrophil.352 

However, Huseby et al., (2007) demonstrated that HLB is highly cytotoxic to 
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proliferating T cells.350 Within biofilm, HLB produces a strong insoluble nucleoprotein 

matrix when in the presence of extracellular DNA (eDNA), which strengthens and 

stimulates S. aureus biofilm.353 As discussed earlier, HLB has been implicated in 

enhancing lung injury during S. aureus infection.310 Kim et al., (2000) studied the effects 

of HLB on sinonasal cilia.354 HLB was found to significantly reduce ciliary beat frequency 

within 6 hours of application to ex-vivo sinonasal mucosa, and complete cessation of 

ciliary beat at 12 hours. Additionally, administration of HLB to the maxillary sinuses in 

a rabbit sinusitis model resulted in ciliary loss, epithelial ulceration, and a subepithelial 

inflammatory response. 

 

Delta-hemolysin (HLD) and phenol soluble modulins (PSMs) 

HLD belongs to the family of phenol-soluble modulins (PSMs), of which S. aureus 

produces 7 different types. Structurally PSMs are amphipathic peptides that in solution 

exist as a 50% monomeric form, with increasing levels of aggregation in high 

concentrations.355 Alike to HLA and HLB, the gene encoding HLD is part of the agr loci, 

and expression is regulated by agr and RNA. Production is maximal during the post-

exponential growth phase. HLD and the other PSMs are implicated in erythrocyte 

lysis.356 Additionally, PSMs have demonstrated ability to lyse neutrophils attempting to 

phagocytose S. aureus. PSMs were previously shown to have antimicrobial effects against 

other bacteria in-vitro.357 Biofilm structures are influenced by PSMs, which facilitate 

surface attachment and biofilm channel formation. Furthermore, dissemination of 

bacteria from biofilm relies on PSMs.356 HLD and HLB have demonstrated a synergistic 

contribution to S. aureus evasion of phagosomes in epithelial and endothelial 

intracellular infection.358 
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Leukotoxins and Gamma-hemolysin 

The S. aureus leukotoxin family are bi-component pore forming toxins, that have an 

affinity for monocytes, macrophages and neutrophils. The two components include a 

class S and class F protein which forms into a hetero-oligomeric pore; the genes 

encoding these toxins can be located in the core genome, pathogenicity islands or within 

the genome of phages. Currently there five class F subunits proteins (HlgB, LukD, LukG, 

LukF-PV, and LukF’-PV) and six class S subunit proteins (HlgA, HlgC, LukE, LukM, 

LukH, and LukS-PV) described. It is known that the HlgB can pair with either HlgA or 

HlgC, the remainder of F and S subunits only pair with their respective protein.359. The 

most notable toxins in this family are the Panton-Valentine toxin and gamma-hemolysin 

(HLG). 

 

Panton-Valentine Leucocidin 

Panton-Valentine leucocidin (PVL) is one of the most cited leucocidins of the bi-

component pore forming family of toxins; formed by the LukF-PV and LukS-PV proteins 

with sizes of 34 kDa and 33 kDa respectively. The gene encoding PVL is located on 

temperate phage Sa2, but has a low prevalence among S. aureus isolates between 2-

3%.360,361 Similar to -hemolysin the PVL toxin creates a -barrel pore, but arranged as 

an octameric structure with alternating S and F subunits.362 

In-vitro investigation of the pathogenic ability of PVL provides evidence for its specificity 

towards monocytes, macrophages, neutrophils, and the membranes of other 

polymorphonuclear cell membranes.363 PVL toxin secreting S. aureus displayed 

increased adherence to ECM components in-vitro, particularly collagen type I and IV, 
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and laminin found in the basement membrane.364 Animal infection models have yielded 

contradictory results, which may be due to the heterogeneity of the studies and that PVL 

has shown significantly differing levels of activity between animal species.365,366 

Despite not having reliable animal model data of PVL S. aureus infection, there are 

several reports linking the presence of S. aureus strains with PVL genes to poorer 

outcomes, recurrent soft-tissue infection and necrotising pneumonia.367–369 

 

Gamma-hemolysin (HLG) 

Similar to PVL it is also comprised of two sub units, which when combined together 

create an octameric pore with 4 of each subunit.370 HLG causes lysis both red blood cells 

and leucocytes, and includes types HlgAB and HlgCB. The genes for HLG subunits are 

located on the core genome, and are present in 99% of all S. aureus isolates.361 The gene 

for the S-subunit HlgA sits upstream from the operon hlgCB which encodes the S-

subunit HlgC and F-subunit HlgB.371 The proteinaceous receptors for both HLGs were 

recently described. It was found that HlgAB targets the chemokine receptors CXCR1, 

CXCR2 and CCR2, while HlgCB targets C5a complement receptors.372 CCR2 is primarily 

expressed on monocytes and macrophages, while C5a is present on neutrophils.372 

HLG’s potential role in disease is less well-studied than the PVL toxin and other S. aureus 

toxins. An ex vivo human bloodstream MRSA infection model found that all components 

of gamma-hemolysin (HlgA, HlgB, and HlgC) were significantly upregulated by the 

bacteria when it is in the circulatory system.373 This was also associated with an efficient 

lysis of circulating neutrophils. Conversely, hlg-mutant S. aureus has a reduced capacity 

to form cytolytic pores in neutrophils.373 Further to this, in-vivo the hlg-mutant 

demonstrated less bacterial survival during bacteraemia, yet skin abscess severity and 
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time to recovery were similar.373 This demonstrates that HLG may play an important 

role in survival and immune system evasion during systemic infection. HLG’s role in 

colonisation and establishment of skin or mucosal infection is unknown. Other studies 

focused on HLG highlight its potential role in ophthalmic infection and inflammation. 

Initial investigations suggested that the purified toxin was able to disrupt the retinal 

barrier after being injected into the vitreous chamber of rabbit eyes.374 Following this 

the strong inflammatory response to a HLG producing S. aureus was demonstrated with 

a similar vitreous model, which was significantly attenuated in a mutant strain.375 Other 

studies have revealed that HLG contributes to corneal inflammation, oedema, and 

iritis.376 Additionally, it was shown that HLG and HLA may work synergistically to cause 

corneal erosions.377 

 

Extracellular proteases  

V8 protease (endoproteinase GluC) 

V8 protease is a 29 kDa extracellular serine protease produced by S. aureus. The activity 

of V8 protease is specific to peptide bonds on the carbonyl side of glutamate and 

aspartate residues.378 V8 protease expression is stimulated by the agr system and RNA, 

and repressed by SarA and sigma factor B.379,380 Expression is growth phase dependent 

with the highest levels of activity in the post-exponential phase of bacterial growth with 

plateauing of activity into stationary phase growth.379 The sspA gene for V8 protease is 

located on the ssp operon upstream from SspB and SspC encoding two other proteases, 

which are also activated by V8 protease as a part of a post translational cascade of 

extracellular protease activation.381 The cascade of extracellular proteases begins with 

the metalloprotease aureolysin, which processes the V8 proenzyme to form a mature 
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serine protease and in turn V8 protease activates the cysteine protease staphopain 

B.381,382 

Since it was first purified in 1972,383 V8 protease has been implicated in immune system 

evasion mechanisms and biofilm regulation.384–387 The current literature regarding the 

barrier altering effects of V8 protease is primarily from dermatological research as 

discussed earlier. Although, in-vitro stimulation of nasal epithelial cells with S. aureus 

supernatant with and without serine protease inhibitors has shown that this protease 

family induces IL-6, IL-8, and CXCL1 production. The cytokine synthesis was due to 

activation of NF-, however this serine protease response was not inhibited by 

corticosteroid.388 Given that nasal epithelial cells have a strong inflammatory response 

to V8 protease, it is plausible that this coincides with airway barrier disruption.  

 

Aureolysin (Zinc metalloproteinase aureolysin) 

Aureolysin is a zinc metalloproteinase secreted by S. aureus, belonging to the 

thermolysin family of metalloproteinases. The aur gene encoding the protease is highly 

conserved among S. aureus strains.389 Aureolysin has been shown to cleave complement 

factor C3 with subsequent activation C3a and C3b fragments.390 Additionally, the 

antimicrobial peptide cathelicidin LL-37 is actively degraded and deactivated by 

aureolysin. Similarly, V8 protease degrades LL-37, however leaving behind an active 

antimicrobial peptide.391 A murine model of osteomyelitis demonstrated aureolysin is 

important in induction of S. aureus secreted PSMs involved in bone destruction.392 Alike 

to V8 protease, aureolysin is maximally produced during the post-exponential bacterial 

growth phase due to the agr system.393 
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Spl (serine protease-like) proteases 

The spl proteases include splA, splB, splC, splD, splE and splF, which were only recently 

described.394 They are deemed serine protease-like as they showed similar sequences to 

V8 protease and exfoliative toxins, which contain the serine protease catalytic triad.394 

All the spl proteases are similarly sized at 22kDa (range: 21.9 - 22.4 kDa), encoded by a 

six gene operon.394,395 

The spl protease substrate specificities are narrow, similar to the exfoliative toxin family 

and currently there are no known physiological targets. Screening of the human 

proteome predicted that potential targets of several spl proteases included olfactory 

receptors and mucin proteins.396–398 There is evidence to suggest that the spls may be 

involved in invasive infections. One study identified that all spl proteases are 

upregulated in a murine model of methicillin-resistant Staphylococcus aureus (MRSA) 

bacteremia and from MRSA isolated from cutaneous abscesses.399 The splA gene has 

been associated with a higher vancomycin MIC and inherently poorer bacteremia 

outcomes.400 Antibodies against the spl proteases have been identified in human serum 

from colonized and acutely infected patients, with higher antibody titers during active 

infection.401 Intriguingly, the immune responses towards spl proteases were higher than 

other proteases such as aureolysin, V8 protease, and the staphopains.401 

In-vitro splA has shown ability to cleave the mucin 16 glycoprotein on the surface of 

human airway Calu-3 secondary cell line.402 Furthermore, spl mutant S. aureus are less 

likely to cause a disseminated bilateral infection.402 More recently the spl proteases have 

been suggested to contribute to the airway allergy. It was seen that T cells stimulated 

with spls generated a Th2 cytokine response. Spl specific IgE antibodies were found in 

asthmatic patients, while splD and splF peptides were identified within nasal polyp 

tissue. Additionally, splD induces expression of IL-5, IL-17 and INF- in ex-vivo nasal 
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polyp tissue. Intratracheal instillation of splD results in a strong eosinophilic 

inflammatory response, increases in splD specific serum IgE, and Th2 cytokine 

expression upon antigen presentation.403 

 

Cysteine proteases 

The S. aureus cysteine or thiol proteases include staphopain A and staphopain B. Both 

proteases are approximately 20kDa in size and very similar in structure, however they 

demonstrate substantial differences in their substrate specificity.404,405 The gene 

encoding for staphostatin B is located on the same operon and downstream to V8 

protease, while the gene for staphostatin A is located on the scp operon.379,406 They are 

expressed as prepropeptides, which are folded into an inactive protease in the 

extracellular environment. Pro-staphopain B is activated by V8 protease and staphopain 

A is thought to undergo autocatalytic activation, however there are suggestions that the 

activating protease has not been identified yet.379 Interestingly, S. aureus also produces 

specific staphopain inhibitors called staphostatins, which form stable complexes with 

the protease and negate proteolytic activity.407 

The literature regarding staphopains demonstrates that this family of proteases may 

have a role in invasion, tissue destruction, and immune system evasion. Despite the 

current in-vitro evidence there is a lack of corresponding in-vivo experimentation. Initial 

studies identified that the cysteine proteases are effective at degrading lung elastin, and 

conversely are inhibited by 2–macroglobulin and other unidentified human serum 

products.408 Similar to V8 protease, cysteine proteases also inactivate 1-antitrypsin.409 

Additionally cysteine proteases inactivate 1-antichymotrypsin, a glycoprotein 

important for limiting proteolytic activity from neutrophil products and other 

proteases.410 Inactivated 1-antichymotrypsin is also strongly chemoattractant and 
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elimination of the inactivated peptide is slow, hence this could potentiate inflammation 

during S. aureus infection.410 

 

Staphylococcal enterotoxins/superantigens 

Staphylococcal enterotoxins are a family of secreted S. aureus toxins of which there are 

over 20 recognised different isoforms.411 Among the several types, SEA and SEB are well 

documented in the literature and the most frequently examined staphylococcal 

enterotoxins in CRS. They range in size from 19.4–28.6 kDa and their genes are usually 

encoded on the mobile genome such as pathogenicity islands, bacteriophages, and 

plasmids.411  

Bachert et al., (2000) identified the presence of SEA and SEB specific IgE antibodies in 

tissue specimens from patients with eosinophilic CRSwNP.68 The presence of 

staphylococcal enterotoxin specific IgE in CRSwNP was later correlated with an 

increased S. aureus colonisation.412 Recently, another study identified that SEA and SEB 

levels are upregulated in non-eosinophilic and eosinophilic polyps within a Chinese 

cohort.413 Moreover, nasal polyp tissue concentrations of SEA were found to be 

approximately 7-10 times higher than SEB levels.413,414 

As discussed earlier, SEB has demonstrated abilities to disrupt the gastrointestinal and 

airway barriers.  Interestingly, in our previous work we demonstrated that a SEA positive 

S. aureus strain significantly altered the airway barrier in-vitro, while conversely this was 

not observed in the SEB positive strain.19 The effects of SEA on the airway barrier 

function is not known. However, Min et al., (2006) conducted a rabbit model of SEA 

induced sinusitis, which identified that daily instillation of 30 ng/ml SEA causes 

significant epithelial loss and slowing of ciliary beat frequency. Additionally, ex vivo 

treatment of rabbit sinus tissue with SEA showed complete cessation of ciliary beat at 



 80 

concentrations of 3 ng/ml.24 Tissue levels of SEA have been found to be up to 96 ng/ml 

in CRSwNP. 

 

S. aureus membrane associated products 

Lipoteichoic acid 

LTA is found in the cell wall of gram positive bacteria, which share pathophysiological 

properties with LPS from gram negative bacteria. LTA is released during bacteriolysis, 

and known to contribute to proinflammatory cytokine generation, TLR activation, 

coagulation, complement activation and ROS production.415 In addition to altering the 

pulmonary endothelial barrier, LTA has been shown to disrupt the endothelial blood 

brain barrier.416,417 Boveri et al., (2006) demonstrated LTA induces a strong TNF- and 

IL-1 response in co-cultured glial cells with subsequent loss of barrier integrity and 

alteration of TJ localisation in brain capillary endothelial cells.416 dltA encodes the 

protein responsible for D-alanylation of lipoteichoic acid in S. aureus.418 A previous 

study showed that a mutant S. aureus strain lacking dltA was significantly attenuated in 

its ability to adhere to human nasal epithelial cells and more susceptible to nasal 

antimicrobial peptides. Additionally, dltA mutants were less likely to successfully 

colonise rat naris.419 Patou et al., (2008) found that 10 g/ml LTA did not stimulate 

cytokine production when incubated with fragmented ex-vivo nasal tissue.420 There is a 

paucity of experimentation regarding the in-vitro effects of LTA on isolated nasal 

epithelial cells. 
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Extracellular vesicles 

EVs are small spheres comprised of lipid bilayers, and ubiquitously secreted by all living 

organisms. EVs are found in several sizes ranging from 20 nm to 500 nm, and contain 

varying proteins, lipids, and nucleic acids. The roles of bacterial secreted EVs are 

multifaceted, including transfer of pathogenic toxins into host cells, immune system 

evasion, bacterial cell to cell communication, and incorporation in bacterial 

biofilms.421,422 

Gram positive bacteria EVs were first described in 2009, despite their much earlier 

discovery in gram negative bacteria. Lee et al., (2009) observed the formation and size 

distribution of EVs secreted by S. aureus. Mass spectrometry protein analysis revealed 

several noteworthy contents of S. aureus EVs including hemolysins, -lactamase, 

penicillin-binding proteins, extracellular proteases, IgG binding protein, lipoteichoic 

acid, and staphylococcal enterotoxins.423 S. aureus EVs are produced in-vitro and in-vivo, 

visualised as a budding spherical structure from the bacterial surface. Experimental 

evidence supports the delivery S. aureus bacterial factors into host cells via EVs.424 

Additionally, S. aureus EVs are necessary to induce host cell death when exposed to 

HEp-2 cells.424 HLA has been implicated in EV mediated cell cytotoxicity and 

erythrocyte lysis in-vitro.425 Kim et al., (2012) conducted a mouse model of S. aureus EV 

induced pulmonary inflammation, which found EVs induce a strong Th1 and Th17 

cytokine response. Furthermore, this was mediated via a TLR2 dependent pathway as 

TLR2-/- mice exhibited a significantly attenuated response to EVs.426 

It is unknown whether S. aureus EVs disrupt barrier integrity, however this has been 

demonstrated in other organisms. Campylobacter jejuni (C. jejuni) produces EVs, which 

specifically cleaves junctional proteins occludin and E-cadherin, resulting in disrupted 

barrier integrity. This is thought to be mediated via serine protease acitivity. 
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Furthermore, EV supplementation increases intracellular invasion of C. jejuni in-vitro.427 

EVs secreted by oral microbial organisms Treponema denticola and Porphyromonas 

gingivalis have been associated with epithelial barrier disruption, tight junction protein 

degradation, and cellular detachment.428,429 

Recently, Choi et al., (2014) demonstrated that bacterial EV composition in nasal lavage 

samples closely reflects the nasal microbiome, while staphylococcus species and EVs 

were increased in CRS patient groups.430 Given the previously known inflammatory 

effects of EVs, this study suggests EVs may be involved in the pathogenesis of CRS. 

 

Zinc in Chronic Rhinosinusitis 

Zinc is an essential trace element required for normal metabolic and protein functions,431 

immune system regulation, wound healing, and DNA synthesis.432 Additionally, it has 

important anti-inflammatory and anti-apoptotic properties.433,434 As discussed, zinc is 

vital for maintenance and protection of barrier function in gastrointestinal and 

pulmonary epithelium, however this has not been addressed in the sinonasal barrier. 

Furthermore, little is known about the role of zinc in CRS despite its importance across 

several biological processes. 

Önerci and Kus, (1994) examined the serum zinc, magnesium, and copper 

concentrations in a cohort of CRS and control patients.435 Serum concentrations of the 

tested trace elements were all within normal range, although copper concentrations 

were lower in CRS. A decade following this study, Ünal et al., (2004) measured the 

serum concentrations of several vitamins and trace elements in children with 

rhinosinusitis against age and sex matched controls. 436 Serum concentrations of vitamin 

E and C, copper, and zinc were all significantly lower in the rhinosinusitis group. 
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Interpretation of this study is difficult as there was no distinction between acute, 

chronic, or presence of nasal polyposis. Additionally, there is no reference to clinically 

factors that influence serum zinc concentrations in children such as diet, biochemical 

factors, weight and inflammatory markers such as C-reactive protein.437 

Rostkowska-Nadolska, Borawska, and Hukalowicz, (2005) conducted atomic 

absorption spectrometry on digested nasal polyp and control tissue specimens to 

measure zinc, copper, lead, and selenium levels. All four trace elements were 

significantly lower in nasal polyp tissue.438 Although, these levels were measurements 

were taken from whole tissue homogenates rather than epithelium specific levels. More 

recently, a study by Okur et al., (2012) observed similar findings of low zinc and 

selenium tissue concentrations in nasal polyp whole tissue specimens.439 Moreover, the 

antioxidant enzyme superoxide dismutase was significantly lower in nasal polyp tissue, 

which is involved in regulating ROS and reactive nitrogen species.439,440 Extracellular 

and cytoplasmic forms of superoxide dismutase utilise zinc as a stability co-factor,440 

hence local zinc deficiency may explain the enzyme reduction. Likewise, Cekin et al., 

(2009) observed reductions in superoxide dismutase in nasal polyp specimens.441 

Zinc homeostasis is regulated primarily by Zrt-,Irt-related proteins (ZIP), zinc 

transporters (ZnT), and metallothioneins (MT).274,442 ZIP transporters are a family of 14 

proteins responsible for transport of zinc into the cytosolic compartment from the 

extracellular space or other intracellular compartments. Copper, iron, manganese, and 

cadmium transport can occur through ZIP proteins. The family of ZnT transporters are 

comprised of 9 isoforms, which mobilise zinc from the cytosolic compartment to the 

extracellular space or lumens of intracellular compartments.443 ZIP and ZnT 

transporters have not been evaluated in CRS previously. Metallothioneins (MTs) are a 

group of small intracellular proteins that have high affinity for binding metals, such as 
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Zn, Cd, Hg, and Cu.444 Along with regulation of intracellular metal regulation, MTs have 

been associated with protection against apoptosis and reactive oxygen species.445 A 

previous immunohistochemistry study identified that MT expression was more 

prominent in eosinophilic and lymphocytic nasal polyp epithelium and stromal tissues, 

compared to healthy mucosa and neutrophillic polyps. The increase in eosinophilic 

nasal polyp MT was positively associated with M2 type macrophages, however the 

specific MT isoform was not identified.446 The MT3 isoform has been shown to reduce 

ROS,447,448 and absence of MT3 is associated with impaired cellular lysosomal function 

with potential for intracellular pathogen infection.449 

Whilst these studies indicate that zinc may be involved in CRS, further research is 

needed to elucidate how it is distributed in CRSsNP and CRSwNP. Investigation into the 

regulatory factors may provide more information regarding zinc homeostasis in CRS. 
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Thesis 

CRS is a chronic inflammatory condition with symptoms that impact significantly on 

quality of life. The public health perspective emphasizes the economic burden that is 

encompassed by decreased work productivity, increased medicine use, primary care 

treatment, and use of hospital services. The pathogenesis of CRS is multifaceted 

involving contributions from host, environment, and microbial factors. Barrier function 

in CRS is a relatively new concept and the current reports emphasize the importance of 

this innate immune function. Although, little is understood regarding the potential 

contributors to CRS barrier dysfunction, review of barrier dysfunction across other 

epithelial or mucosal interfaces reveals common etiological themes—inflammatory 

processes (with a bias towards Th2 type inflammation), and bacterial secreted factors. 

Additionally, trace elemental zinc appears to contribute to mucosal barrier integrity. 

Staphylococcus aureus disrupts the sinonasal mucosal barrier  

The preliminary research leading into this thesis revealed that S. aureus secretes a factor 

that disrupts the airway barrier. S. aureus is known to produce a multitude of toxins, 

although the majority of evidence associating S. aureus toxins and CRS pathogenesis 

revolves around SEB. Consideration of known barrier disrupting bacterial products 

emphasizes the role of several proteases, enterotoxins, pore-forming toxins, and cell wall 

products. Additionally, several bacterial organisms are known to produce more than one 

barrier disrupting factors. This built-in redundancy points towards barrier disruption as 

an essential mechanism for certain pathogens, potentially as a means for colonisation, 

invasion, or enhanced immune system evasion.  
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Host factors in sinonasal mucosal barrier dysfunction 

Several studies have identified host inflammatory factors as potential contributors to 

sinonasal mucosal barrier dysfunction such as IFN-, TNF-, IL-4, IL-9, IL-13, IL-17, IL-

22, and IL-26. It appears that zinc homeostasis is a major contributor to mucosal barrier 

integrity in the gastrointestinal system. A handful of investigations have recognised that 

zinc concentrations are depleted in CRS, in particular CRSwNP. However, it is not 

known whether this is a contributing or predisposing factor to CRS barrier dysfunction. 

 

Thesis aims 

Bacterial factors 

1. Identify candidate S. aureus bacterial products responsible for disruption of 

tight junctions. 

2. Evaluate the sinonasal mucosal barrier altering effects of S. aureus toxins with 

known barrier altering properties observed in other epithelial barriers, such 

as HLA, SEA, LTA, and S. aureus proteases. 

Host factors 

3. Investigate the role that zinc has in the development and maintenance of the 

healthy sinonasal mucosal barrier. Determine the relationship between 

mucosal zinc availability and the mucosal barrier in CRS. 
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Abstract 

Introduction: Staphylococcus aureus (S. aureus) is a major contributor to the 

pathophysiology of chronic rhinosinusitis (CRS). Previous research has shown that S. 

aureus secreted products disrupt the airway barrier.  

Methods: S. aureus ATCC 13565 and 25923 strains were grown at exponential, post-

exponential, and stationary phases. Microbial conditioned media (CM) was collected 

from the cultures and ultrafiltered (UF). Liquid chromatography – electrospray 

ionisation tandem mass spectrometry (LC-ESI-MS/MS) was performed on the UF-CM. 

UF-CM was subjected to heat and protease treatment, size fractionation, and 

ultracentrifugation (UC) separation. Human nasal epithelial cell air liquid interface 

(HNEC-ALI) cultures were exposed to purified alpha hemolysin (HLA), staphylococcal 

enterotoxin A (SEA), Lipoteichoic acid (LTA), and UF-CM. Barrier function outcomes 

were measured by transepithelial electrical resistance (TEER) and apparent permeability 

(Papp). UC fraction exposed cultures were subjected to immunofluorescence 

microscopy for tight junction protein zonula occludens-1 (ZO-1). 

Results: LC-ESI-MS/MS identified 107 protein identities, with HLA being most 

abundant. HLA, SEA, and LTA did not alter the HNEC-ALI barrier as measured by TEER 

or Papp. Barrier disruption caused by UF-CM peaked in the post-exponential phase, was 

sensitive to heat and protease treatment, >30 kDa in size, and enriched in the UC 
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fraction. Immunofluorescence of HNEC-ALI exposed to UF-CM and UC demonstrated 

loss of ZO-1 localisation. 

Conclusion: These results suggest that the S. aureus factor responsible for TJ disruption 

in HNEC-ALI cultures is either a proteinaceous macromolecule or a combination of 

secreted factors. The product is enriched in the UC fraction, suggesting it is associated 

with large structures such as membrane components or vesicles. 

Keywords: Chronic rhinosinusitis, epithelial cell, bacteriology, innate immunity and 

rhinosinusitis 

  



 91 

Introduction 

Chronic rhinosinusitis (CRS) is characterised by inflammation of the nose and paranasal 

sinuses, which results in nasal obstruction, rhinorrhoea, post-nasal drip, facial pressure, 

and alterations in smell. The pathophysiology of CRS is complex and involves 

pathogenic interactions between host, microbial flora and environment. S. aureus has 

been implicated in the pathogenesis and persistence of CRS, impaired mucosal healing, 

and is associated with disease severity.330,331,450 The contribution of S. aureus to CRS is 

understood to be related to the formation of biofilms, intracellular infection, and its 

production of Staphylococcal enterotoxins/superantigens.88,95,451  

The innate barrier defence of the sinonasal mucosa is essential in preventing entry of 

external pathogens.452 At the cell-to-cell interface are apical junctional complexes, a 

component of which are tight junction (TJ) proteins. These structures are involved in 

maintaining the barrier between host and environment, ion and molecular transfer, and 

cell polarity and organisation.453 Studies have shown that the mucosa of CRS sufferers 

demonstrate signs of defective barrier function.20,454 

Previous research has shown that S. aureus supernatants can disrupt the TJs of sinonasal 

epithelial cells.19 Although the responsible factor for this remains unknown, previous 

research has identified other S. aureus products that act on cell barriers. Alpha 

hemolysin (HLA) has been linked to gastrointestinal and vascular barrier 

disruption.268,341 Staphylococcal superantigens contribute to alterations of the mucosal 

barrier of the gastrointestinal tract, such as staphylococcal enterotoxin A (SEA).455 

Superantigens have been implicated in the inflammatory drive of CRS with nasal 

polyposis (CRSwNP).456 Lipoteichoic acid (LTA) is a cell wall polymer from gram positive 

organisms, with known effects on the endothelial barrier function.316  
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This study aims to characterise S. aureus factors that disrupt mucosal barrier function 

and investigate the effects of HLA, LTA, and SEA on airway barrier integrity.  
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Methods 

Microbial conditioned media and bacterial growth phases 

Two American Type Culture Collection (ATCC) reference strains of S. aureus were used 

in this study: 13565 and 25923. ATCC 13565 is a known producer of Staphylococcal 

enterotoxin-A (SEA) and ATCC 25923 is a well documented biofilm forming strain.19 

Planktonic bacterial cultures were initiated from overnight broth cultures in nutrient 

broth media (Sigma-Aldrich, Castle Hill, Australia) at an OD600 of 0.05. Serial 

measurements were taken to identify the exponential, post exponential and stationary 

growth phases of each strain. Cultures were then stopped at each of these points and 

centrifuged at 3000 revolutions per minute (RPM) to pellet the cells. The conditioned 

media (CM) was passed through a 0.22 m syringe filter and a sample taken and 

pipetted onto a nutrient agar plate to ensure absence of viable bacteria. Following this 

the CM was concentrated using centrifugal ultrafilters (UF) with a size cut off at 3 kDa 

(Vivaspin; GE Healthcare, Little Chalfont, UK) to make UF-CM samples. Phosphate 

buffered saline (PBS) was added to the centrifugal filters during the concentration 

process. UF-CM samples were subjected to a detergent compatible protein 

quantification assay (DC™ protein assay; Bio-Rad, Hercules, CA, USA), and experiments 

were conducted at exoproteome concentrations of 200 g/ml unless otherwise stated. 

 

Proteomics analysis 

ATCC 13565 CM and UF-CM samples were collected from exponential, post-exponential, 

and stationary growth phases for proteomic analysis with sodium dodecyl sulphate 

polyacrylamide gel electrophoresis (SDS-PAGE). Stationary phase UF-CM 13565 gel 
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bands were analysed with liquid chromatography – electrospray ionisation tandem mass 

spectrometry (LC-ESI-MS/MS) (see Supplementary methods). 

 

Staphylococcus aureus toxins 

HLA (ab192009; Abcam, Cambridge, UK) and SEA (Sigma-Aldrich) were obtained and 

resuspended in PBS to concentrations of 1 g/ml and 10 g/ml. LTA (Sigma-Aldrich) was 

resuspended in PBS to a concentration of 10 g/ml. 

 

Heat and proteinase K treatment of microbial conditioned media 

UF-CM 13565 from post-exponential and stationary growth phases were subjected to 

heat treatment of 80C for 30 minutes. Stationary growth phase UF-CM 13565 was also 

subjected to 100C for 30 minutes or incubated with and without 1 mg/ml proteinase K 

(Sigma-Aldrich) overnight at 37C. 5 mM PMSF (Phenylmethylsufonyl fluoride; Sigma-

Aldrich) was added to proteinase K digested samples and the PBS control to inhibit the 

enzyme prior to experimentation. 

 

Size fractionation of microbial conditioned media 

Stationary growth phase UF-CM 13565 samples were size fractionated using centrifugal 

ultrafilters (Vivaspin) with size cut offs at 3, and 30 kDa. Initially 30 kDa filters were 

used to collect proteins >30 kDa in size, followed by 3 kDa filters to collect 3 – 30 kDa 

size proteins, and then the filtrate containing sizes <3 kDa. 
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Ultracentrifugation separation 

Stationary growth phase UF-CM 13565 samples were ultracentrifuged (UC) to 140,000 

x g overnight at 4C resulting in the pelleted UC and supernatant (SN) fractions. The SN 

was removed, and the UC pellet resuspended in PBS. The UC suspension, SN, and 

stationary growth phase UF-CM 13565 were subjected to DC™ protein assay (Bio-Rad) 

and resuspended to 50 g/ml in PBS. Samples were then stored at -80C until use.  

 

Primary human nasal epithelial cell collection 

Ethics approval for cytological nasal brushings from healthy volunteers was granted 

from The Queen Elizabeth Hospital Human Research Ethics Committee. All patients 

received written participant information and provided informed written consent to be 

included. Exclusion criteria included active smoking, age less than 18 years, systemic 

diseases, recent upper respiratory tract infection, topical corticosteroid use, and 

symptoms/signs of chronic rhinosinusitis or allergic rhinitis. 

Nasal brushings were taken from the nasal cavity using sterile cytology brushes and 

immediately transported in Bronchial Epithelial Cell Growth Medium (BEGM) (Lonza, 

Basel, Switzerland). Samples were then washed in PBS with centrifugation (1700 RPM 

for 5 minutes) and resuspended in Clonetics™ B-ALI™ growth medium (Lonza). Cell 

samples were then depleted of macrophages in a 100 mm diameter culture plate coated 

with anti-CD68 (Dako, Carpinteria, California, USA) for 20 minutes. Cell samples were 

removed from the culture plate and seeded directly onto a type 1 collagen coated T25 

flask (Corning, NY, USA). Cells were grown until 80% confluent then harvested for 

seeding onto collagen coated 6.5 mm permeable transwells with 0.4 m pores (Corning) 

at a density of 5 × 104 cells per well. 
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Air-liquid interface culture 

Cell cultures were maintained with B-ALI™ growth medium for 3-4 days in a cell 

incubator at 37C with 5% CO2. The apical and basal media was then removed and only 

the basal media replaced with B-ALI™ differentiation media, this was changed every 

alternate day. Human nasal epithelial cultures at air liquid interface (HNEC-ALI) were 

maintained for a minimum of 14 days for development of tight junctions.457 

 

Transepithelial electrical resistance 

Transepithelial electrical resistance (TEER) was measured using an EVOM2 epithelial 

voltohmmeter (World Precision Instruments, Sarasota, FL, USA). TEER values were only 

taken from cultures more than 14 days maturity and showing >400 ohm x cm2 

(equivalent to >1200 ohm in a 0.33 cm2 transwell membrane). Baseline TEER was 

initially measured on all HNEC-ALI transwell samples with cell media apically and 

basally, following this the apical media was removed and replaced with the 

corresponding treatment. The TEER of cell free collagen coated membranes was 

subtracted from the experimental measurements and results were expressed relative to 

baseline. Measurements for HLA, SEA, and LTA were taken at baseline, 6, 12, and 24 

hours. Measurements for UF-CM, and size fractionated UF-CM were taken at baseline, 

15, 30, 60, and 120 minutes. Heat and proteinase K treated UF-CM TEER measurements 

were taken at baseline, 60 and 120 minutes. TEER measurements for UC and SN 

experiments were taken at baseline, 15, 30, 60, 120, 240, and 360 minutes. 
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Macromolecular paracellular permeability 

The macromolecular paracellular permeability (Papp) of the air liquid interface 

differentiated human nasal epithelial cultures was assessed at the defined time points. 

Papp was measured at 2 hours of treatment unless otherwise stated. A neutral 4 kDa 

fluorescein isothiocyanate (FITC) dextran (Sigma-Aldrich) was added to the apical 

compartment to a concentration of 3 mg/ml 2 hours prior to measurement. Samples 

were then taken from the basolateral compartment. The amount of passaged dextran 

was quantified using a Fluostar Optima 96 well microplate reader using wavelengths 

485nm and 520nm for excitation and emission respectively. Papp results assumed sink 

conditions of FITC dextran transfer and calculated according to the following equation:  

𝑃𝑎𝑝𝑝 = (
𝑑𝑄

𝑑𝑡
) ×

1

𝐴𝐶0
 

Papp is the apparent permeability coefficient (cm/s), dQ/dt (mg/s) is the rate of transfer 

of the FITC dextran to the basolateral compartment, A (cm3) is the surface area of the 

transwell membrane, and C0 (mg/ml) is the starting drug concentration of the apical 

compartment. Fold changes were calculated from Papp values by:  

𝑃𝑎𝑝𝑝 (𝑓𝑜𝑙𝑑 𝑐ℎ𝑎𝑛𝑔𝑒) =
𝑃𝑎𝑝𝑝(𝑠𝑎𝑚𝑝𝑙𝑒)

𝑃𝑎𝑝𝑝(𝑐𝑜𝑛𝑡𝑟𝑜𝑙)
 

 

Immunofluorescence of ZO-1 

Immunofluorescence was performed on HNEC-ALI cultures following treatment with 

PBS control, UF-CM 13565, UC 13565, and SN 13565 fractions. Samples were PBS washed, 

and fixed in 2.5% formaldehyde for 10 minutes, followed by four rinses with PBS. 

Permeabilisation was performed with 1% SDS in PBS and blocked with serum free 

blocker (SFB; Dako) for 60 minutes. HNEC-ALI cells were incubated with 1:100 mouse 

monoclonal anti-human zonula occludens-1 (ZO-1) (Invitrogen, Carlsbad, CA, USA) in 
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TBST (0.5% Tween in tris-buffered saline)-10% SFB overnight. Excess primary antibody 

was cleared using TBST, followed by 1:200 anti-mouse Alexa Fluor® 488 conjugated 

secondary antibody (Jackson ImmunoResearch Labs Inc., West Grove, PA, USA) for 1 

hour at room temperature. The filters were then rinsed with TBST and 200 ng/ml of 

4’,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich) was added after the third wash. 

Membranes were excised from their supports and mounted on glass slides and anti-fade 

mounting medium (Dako) was added prior to cover slipping. Samples were imaged 

using a LSM700 inverted confocal laser scanning microscope (Carl-Zeiss, Oberkochen, 

Germany). 

 

Cytotoxicity assay 

Lactate dehydrogenase (LDH) in the culture medium was measured at 4 and 6 hours 

after treatment with cell culture media, UF-CM 13565, UC 13565, and SN 13565 using 

Cytotox Homogenous Membrane Integrity Assay (Promega, Australia). 10% Triton-X 

was included as a positive control for maximal LDH release. This was performed on a 

separate cohort from that used to generate TEER, Papp, and immunofluorescence data. 

Simultaneous TEER was measured during experimentation. 50 l of media from each 

well was transferred to a new plate, and 50 l of LDH reagent was added to the 

supernatant. The plate was incubated for 30 minutes in the dark at 37C. OD was 

measured at 490 nm on a Fluostar Optima 96 well plate reader (BMG Labtech). 

 

Statistical analysis 

Statistical differences in TEER were evaluated by 2-way ANOVA followed by 

Bonferroni’s multiple comparisons test with significance set at p<0.05. Papp results were 
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analysed using ANOVA followed by Holm-Sidak post hoc test and expressed as mean 

fold change (SD). Statistical analysis was performed using GraphPad Prism version 7 

for Apple (GraphPad Software, La Jolla, CA). 
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Results 

Proteomics analysis and candidate factor screening 

SDS-PAGE of S. aureus conditioned media identified several intense and discrete protein 

bands that were subject to further analysis (Figure S1), from which a total of 7 gel bands 

were resolved from the SDS-PAGE for LC-ESI-MS/MS. Proteomic analysis revealed 107 

identities, containing 69 unique proteins across all bands analysed (Table S1). HLA was 

present in all 7 bands, and was the most abundant protein in 4 bands based on 

exponentially modified protein abundance index value. Other exoproteome factors in 

gel bands 4 – 7 were gamma-hemolysin component A and B, leucotoxin LukDv, 

leucotoxin LukEv, leucotoxin LukE, staphopain B, glutamyl endopeptidase (V8 

protease), serine like protease family (SplA – SplF). Staphylococcal enterotoxin A was 

not identified in the resolved gel bands from the SDS-PAGE (Supplemental Figure S1), 

despite being previously identified in this strain.19 

 

Transepithelial electrical resistance and paracellular permeability are 

unaffected by Alpha Hemolysin, Staphylococcal Enterotoxin A, and 

Lipoteichoic acid  

HNEC-ALI cultures exposed to HLA, SEA and LTA did not demonstrate a disrupted 

barrier function as measured by TEER (Figure 2A) and Papp (Figure 2B). TEER was 

measured at three time points along 24 hours to recognize any delayed effect. Papp was 

measured at 24 hours demonstrating a non-significant increase (p>0.05) in permeability 

for HLA (2.2 (± 2.0) fold change for 1 g/ml and 3.2 (±3.3) fold change for 10 g/ml), 

SEA (1.2 (±0.2) fold change for 1 g/ml and 1.5 (±0.3) fold change for 10 g/ml), and LTA 

(2.6 (± 1.9) fold change for 10 g/ml) treated cultures. 
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Figure 2. Transepithelial electrical resistance (TEER) and paracellular permeability (Papp) are 
unaffected by Staphylococcal Enterotoxin A (SEA), Alpha Hemolysin (HLA), and Lipoteichoic 

acid (LTA). 

HNEC-ALI cultures were treated with PBS control, SEA (1 and 10 g/ml), HLA (1 and 10 g/ml), and LTA 

(10 g/ml). TEER (A) was measured at baseline, 6, 12, and 24 hours, while Papp (B) was measured after 
24 hours of exposure to the corresponding factor. TEER measurements are expressed as mean 

percentage change from the baseline (SD). Alterations in Papp (C) are reported as mean fold change 

compared to the PBS control (SD). Data from at least 3 biologically independent replicates. 

 

Airway barrier disrupting effects of conditioned media are Staphylococcus 

aureus strain and growth phase dependent 

To further elucidate the responsible factor, S. aureus CM from two strains (ATCC 13565 

and 25923) was collected at different growth phases (Supplemental Figure S2) then 

subjected to degradation and fractionation techniques. UF-CM 13565 reduced TEER in 

all phases of growth and statistically significant at all time points (p<0.0001). After 15 

minutes of exponential, post-exponential, and stationary phase UF-CM treatment the 

TEER measurements compared to baseline were 43.2% (±23.9), 31.3% (±16.4), and 23.4% 

(±6.9) respectively (Figure 3A). Conversely only post-exponential phase UF-CM 25923 

demonstrated a reduction in TEER, which was 42.2% (±24.3) of its baseline after 15 

minutes (Figure 3B) (p<0.0001). Exponential and stationary phase UF-CM 25923 did 

not alter the TEER (Figure 3B). Papp was significantly increased by post-exponential, 

and stationary growth phase UF-CM 13565 with fold changes of 57.6 (±13.9; p<0.001), 
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and 45.4 (±31.8; p<0.01) respectively (Figure 3C). Exponential growth phase UF-CM 

13565 increased the Papp fold change to 15.17 (±3.7; p=0.5929) and post-exponential 

growth phase UF-CM 25923 increased the Papp fold change to 16.5 (±16.2; p=0.5929), 

although these were not statistically significant (Figure 3C). 

 

Figure 3. Impact of ultrafiltered conditioned media (UF-CM) derived from different 
Staphylococcus aureus strains and bacterial growth phases on transepithelial electrical 

resistance (TEER) and paracellular permeability (Papp). 

HNEC-ALI cultures were treated with PBS control, exponential, post-exponential or stationary phase 
UF-CM from ATCC strains 13565 (A) and 25923 (B), with changes in TEER measured over time at 0, 15, 

30, 60, and 120 minutes. TEER measurements are expressed as mean percentage change from the 

baseline (SD). Alterations in Papp (C) are reported as mean fold change compared to the PBS control 

(SD). Significance is denoted as () p<0.05, () p<0.01, () p<0.0001. Data from at least 3 
biologically independent replicates. 

 

Heat and proteinase K treatment limit the barrier disrupting effects of S. 

aureus conditioned media. 

Heat treatment to 80C for 30 minutes abrogated the TEER reducing effects of the post-

exponential phase UF-CM 13565, while heat-treated stationary growth phase UF-CM 
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13565 retained its activity (Figure 4A). However, heat treatment to 100C for 30 minutes 

was able to block the TEER effect from stationary growth phase UF-CM 13565 (Figure 

4B). Overnight incubation of stationary growth phase UF-CM 13565 with proteinase K 

similarly abrogated the TEER reducing effect (Figure 4C). 

 

Figure 4. Impact of heat and proteinase K treatment on barrier disrupting effect of 
Staphylococcus aureus ultrafiltered conditioned media (UF-CM). 

HNEC-ALI cultures were treated with PBS control, post exponential and stationary phase UF-CM 13565 

heat treated to 80C (A), stationary phase UF-CM 13565 with and without heat treatment (HT) to 100C 
(B), and stationary phase UF-CM 13565 with and without proteinase K (PK) (C). Changes in TEER were 
measured over time at 0, 60, and 120 minutes. Measurements are expressed as mean percentage change 

from the baseline TEER (SD). Significance is denoted as () p<0.0001. Data from at least 3 
biologically independent replicates. 

 

The barrier disrupting effect exists in the >30 kDa fraction of the S. aureus 

secretome 

HNEC-ALI cultures were exposed to PBS control, and stationary growth phase UF-CM 

13565 separated into three fractions: <3 kDa, 3-30 kDa, and >30k Da. Only the >30 kDa 
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fraction altered both the TEER and Papp (Figure 5). TEER in the >30kDa group was 

significantly lowered at all time points when compared to either PBS control or the other 

treatment groups (Figure 5A) (p<0.0001). The >30 kDa Papp was increased to 14.6 (5.2) 

fold of the PBS control (p<0.0001), while the Papp fold change of <3 kDa and 3-30 kDa 

groups were 0.8 (0.5) and 1.2 (1.0) respectively (Figure 5B). 

 

Figure 5. The Staphylococcus aureus barrier disrupting factor is localised to the >30kDa 
exoproteome fraction. 

HNEC-ALI cultures were treated with PBS control, <3kDa ultrafiltered conditioned media (UF-CM) 
13565, 3-30 kDa UF-CM 13565, and >30kDa UF-CM 13565. Barrier disruption was measured with 

transepithelial electrical resistance (A) at baseline, 15, 30, 60, and 120 minutes, and with paracellular 
permeability (Papp) (B). TEER measurements are expressed as mean percentage change from the 

baseline (SD). Alterations in Papp (C) are reported as mean fold change compared to the PBS control 

(SD). Significance is denoted as () p<0.0001. Data from at least 3 biologically independent 
replicates. 

 

The barrier disrupting factor is in the ultracentrifugated fraction of the S. 

aureus secretome 

The UC fraction, obtained after overnight ultracentrifugation of the stationary growth 

phase UF-CM 13565 samples, retained the barrier disrupting activity (Figure 6). 

Disruption of TEER occurred more rapidly in the UC fraction when compared to UF-CM 

13565 at the same protein concentration of 50 g/ml (Figure 6A) (p<0.0001). The 

soluble proteins in the SN retained no significant activity on TEER, even when observed 
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for 360 minutes (Figure 6A). The Papp of the UC fraction was 13.1 (4.8; p<0.01) fold of 

the PBS control, while the Papp of UF-CM and SN were 4.5 (2.4) and 0.91 (0.3) 

respectively (Figure 6B). The cytotoxicity assay showed no increase in LDH release 

following any of the treatments at 4 and 6 hours (Supplemental Figure S3). TJ protein 

ZO-1 immunolocalisation was assessed after treatment with PBS control, UF-CM, UC 

and SN fractions using confocal scanning laser microscopy (Figure 7). UF-CM and UC 

(Figures 7B & 7D) produced a discontinuous localisation of ZO-1 at the cell periphery 

compared to the PBS control and the SN portion (Figures 7A & 7C). 

 

Figure 6. The ultracentrifugated (UC) fraction isolated from the Staphylococcus aureus 
conditioned media contains the barrier disrupting factor. 

HNEC-ALI cultures were treated with PBS control, ATCC 13565 ultrafiltered conditioned media (UF-
CM), supernatant (SN) fraction, and UC fraction. Barrier disruption was measured with transepithelial 
electrical resistance (TEER) (A) at baseline, 15, 30, 60, 120, 240, and 360 minutes, and with paracellular 

permeability (Papp) (B). TEER measurements are expressed as mean percentage change from the 

baseline (SD). Alterations in Papp (C) are reported as mean fold change compared to the PBS control 

(SD). Significance is denoted as () p<0.05, () p<0.01, () p<0.0001. Data from 5 biologically 
independent replicates for TEER data and 3 biologically independent replicates for Papp data.  
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Figure 7. Tight junction protein ZO-1 is disrupted by ATCC 13565 ultrafiltered conditioned media 
(UF-CM) and ultracentrifugated (UC) fraction. 

HNEC-ALI cultures exposed to PBS control (A), ATCC 13565 UF-CM (B), supernatant fraction (C), and 
UC fraction (D) were assessed for localisation of ZO-1. Immunofluorescence for ZO-1 was performed on 

two biologically independent samples. 
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Discussion 

S. aureus secretome contains numerous factors and proteins that may explain the 

detrimental effects seen on the mucosal barrier in our study and the previous work from 

our department.19,458 To approach this unknown factor we have incorporated a top-

down and bottom-up design. Our present study excluded purified S. aureus 

toxins/factors HLA, SEA, and LTA as mediators of airway barrier disruption. 

Additionally, we identified that the S. aureus barrier disrupting factor is primarily 

secreted in the post-exponential growth phase, susceptible to heat and protease 

treatments, larger than 30 kDa, and enriched in the UC fraction. Taken together, these 

findings suggest that the secreted factor is a large protein associated structure. 

The initial proteomics analysis conducted on the S. aureus CM in this study identified 

107 proteins; HLA was the most abundant factor found in our analysis. HLA is a soluble 

secreted protein, which interacts with eukaryotic cell membranes. Monomeric HLA 

binds to the plasma membrane to create a heptameric transmembrane pore.459 It has 

been reported to decrease the ciliary activity and associated with ultrastructural changes 

of nasal airway cells in-vitro.23 Hermann et al. (2015) showed that recombinant HLA 

remodels the actin cytoskeleton of immortalised and primary human airway epithelial 

cells and prevents formation of cell to cell contacts.460 However, this was investigated 

on less differentiated submerged airway cultures compared to HNEC-ALI cultures. 

Furthermore, HLA affected each airway cell line differently as 16HBE14o- cells were HLA 

sensitive, while the bronchial S9 cell line was only transiently altered.460 Airway cell 

specific responses to HLA have previously been reported,461 and may explain why the 

barrier in the differentiated ALI cultures in our study were not affected by HLA. Kwak 

et al., (2012) demonstrated that 0.4 - 1g/ml HLA treatment of human epithelial 

colorectal adenocarcinoma (Caco-2) cells in-vitro resulted in significant reductions in 



 108 

TEER and reduced TJ protein localisation. HLA induced TEER reductions were observed 

after 2 hours, and maximal at 16 hours of treatment. Additionally, they identified that 

HLA effect on the barrier is mediated through the basolateral side of the cell 

monolayer.268  

Our previous work confirmed that ATCC 13565 carries the SEA gene, however SEA was 

not identified in our proteomic analysis.19 This may be due to a sampling issue when 

identifying the prominent gel spots in the SDS-PAGE. Additionally, the SEA gene is not 

present in the 25923 strain.19 S. aureus superantigens potentiate chronic inflammation 

in CRSwNP by activating large numbers of T cells. The detection of superantigens and 

specific IgE to superantigens are increased in CRSwNP.462 It is unclear how these toxins 

are able to penetrate the sinonasal mucosal barrier. There is literature to support 

transcytosis of the toxin across a mucosal barrier.463 However, SEA is also thought to 

disrupt the gastrointestinal mucosal barrier by directly increasing epithelial 

permeability or via evoking a strong inflammatory and cytopathic response leading to 

subsequent barrier injury.455,464  

Lipoteichoic acid synthase was also identified in the analysis, which is necessary for S. 

aureus growth and LTA synthesis from phosphatidylglycerol.465 LTA is a major 

component of the gram positive cell wall, which is formed by polymers of repeating 

phosphodiester-linked polyols in the outer plasma membrane.465 LTA acts as an 

adhesion molecule by binding to Toll-like receptor 2 and the CD14 receptor, which 

results in release of proinflammatory cytokines, reactive oxygen and nitrogen species, 

and bactericidal peptides.316,466 LTA activation of TLR2 in lung endothelial cells mediates 

an increase in barrier permeability, through generation of reactive oxygen and nitrogen 

species.316 Additionally, LTA has demonstrated effects on the in-vitro blood brain barrier 

in co-cultures of glial and endothelial cell by reductions in TEER and increased Papp.416 
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Our findings indicated SEA or LTA purified proteins did not affect the TEER or Papp of 

HNEC-ALI cultures. These findings indicate that the known effects of these proteins on 

the mucosal barrier might be indirect and dependent on a third factor that is lacking in 

our experimental design or is cell type dependent.  

From a top-down perspective we conducted further investigations of the CM from S. 

aureus ATCC 13565 and 25923. We have demonstrated that the barrier disrupting effect 

is secreted ubiquitously by ATCC 13565, however ATCC 25923 only displayed activity 

during the post-exponential phase. We previously reported that the ATCC 25923 strain 

had no effect on TEER as CM in this particular study was based on late-stationary phase 

cultures.19 The regulation of S. aureus extracellular proteins is tightly regulated by sarA, 

agr quorum sensing system, and sigma factors.467,468,379 Extracellular protein secretion 

differs throughout bacterial growth phases, with some protein expression that reflects 

absolute cell density and others that are only expressed during exponential and post 

exponential phases to facilitate host invasion.379,469  

Heat treatment of the UF-CM negated the barrier disrupting effects, suggesting that the 

mechanism of barrier disruption is unlikely due to an immune response to the factor 

even though previous works have demonstrated that cleaved peptides may still be 

immunogenic.470,471 Also, it reduces the likelihood of the factor being a S. aureus 

superantigen as they are moderately thermostable.472,473 To confirm the proteinaceous 

nature of the factor, UF-CM was incubated overnight with proteinase K at 37C. This 

data shows that the factor is altered by the proteinase K treatment, and coupled with 

the effects of heat treatment and size fractionation suggest the factor is: a large protein 

(>30 kDa), protein complex, or associated with a larger structure.  

The UC fraction demonstrated a rapid (15 minute) TEER disrupting effect coupled with 

an increase in Papp. Additionally, the staining of TJ protein ZO-1 was dramatically 
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reduced. Conversely the SN fraction, containing soluble proteins showed no barrier 

disrupting activity at 6 hours of treatment. Differential ultracentrifugation is a common 

method for separating soluble proteins from larger microsomal components such as 

extracellular vesicles (EVs).474,475 S. aureus EVs have previously been isolated using 

differential ultracentrifugation.426,476,477 A previous proteomics study of S. aureus EV 

contents identified several notable toxins such as staphylococcal enterotoxin Q, HLA, 

gamma-hemolysin, and staphopain A.423  

Gurung et al., (2011) identified that intact S. aureus EVs are necessary to deliver bacterial 

components into a Hep-2 cell line to induce apoptosis.424 More recently it was shown 

that EVs are necessary for delivery of active HLA into HeLa cells,425 which may explain 

why purified HLA had no effect in the current study. S. aureus EVs have been implicated 

in the induction of Th1 and Th17 pulmonary inflammatory responses in a mouse model 

of EV inhalation.426 Hong et al., (2011) demonstrated that S. aureus EVs stimulated 

atopic dermatitis-like inflammation,476 which is associated with an abnormal barrier 

function.295 Additionally, patients with atopic dermatitis have increased S. aureus EVs 

on their skin and exhibited higher levels of EV-specific IgE.476 A follow up study 

confirmed that S. aureus secreted HLA and EV associated HLA both induce skin barrier 

disruption. The authors established that EV associated HLA stimulated more severe 

barrier disruption and inflammatory response.478  

In our study the UC fraction retained the barrier disrupting factor, suggesting that the 

responsible factor could be related to EVs. However, the UC pellets may have also 

contained protein aggregates, lipoprotein particles and other contaminants that are 

artificially increased in the UC fraction. Indeed, further work is needed to continue 

optimisation, purification, and identification of S. aureus EVs to confirm the barrier 

disrupting mechanism.  
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In conclusion, we have observed that purified HLA, SEA, and LTA did not mediate 

airway barrier dysfunction in-vitro. These were applied as single toxins, hence additional 

experiments are needed to definitively exclude any contribution to barrier dysfunction. 

Furthermore, our characterisation of the S. aureus secretome has indicated that the 

responsible factor is primarily produced in the post-exponential growth phase with 

differential expression between strains. The UC fraction activity alludes to the possibility 

that barrier dysfunction is associated with S. aureus EVs. The investigation of S. aureus 

EV production and its role in pathogenesis is in its infancy, and clearly further work is 

warranted. 
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Supplementary Information 

Supplementary methods 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and 

Coomassie staining 

Conditioned media (CM) and ultrafiltered (UF) CM samples from ATCC 13565 at 

exponential, post-exponential, and stationary phases of growth were prepared for SDS-

PAGE separation. Samples were initially mixed with acetone -20C with a 4:1 ratio and 

dithiothretiol (DTT) 0.5% w/v, and incubated overnight at -20C. Following this 

samples were centrifuged for 60 minutes at 30,000 x g. The acetone was decanted and 

the protein pellet resuspended in M-PER mammalian protein extraction reagent with 

HALT protease inhibitor (Thermo Scientific, Waltham, MA). Samples were then 

subjected to DC protein assay (Bio-Rad, Hercules, CA). 10 g of protein sample was 

resolved using NuPAGE Bis-Tris 4-12% gel (Invitrogen, Carlsbad, CA) and MES SDS 

running buffer (Invitrogen). Briefly, the gel was fixed in 40% ethanol and 10% acetic acid 

overnight, and then washed with aqua bidest double distilled water. Following this the 

gel was stained with Coomassie brilliant blue, residual stain was then washed with aqua 

bidest and the gel stored in 1% acetic acid. 

 

Liquid chromatography – electrospray ionisation tandem mass spectrometry 

(LC-ESI-MS/MS) 

Samples were prepared from the gel bands 1-7 (Supplemental Figure S1). Initially 

samples were washed in 500 L of 50 mM ammonium bicarbonate (NH4HCO3) and 

destained with 100 mM NH4HCO3in 30% acetonitrile (ACN). Washed with 50 mM 

NH4HCO3, reduced with 0.5 mol dithiothretiol (DTT) in 50mM NH4HCO3. Alkylated 
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with 2.75 mol iodoacetamide (IAA) in 50 mM NH4HCO3, and digested with 100 ng of 

sequencing grade modified trypsin (Promega, Madison, WI) in 5 mM NH4HCO3 in 10% 

ACN. Peptides were extracted using 3 washes of 1% formic acid (FA) in water, 1% FA in 

50% ACN and 100% ACN respectively. The volumes of the resulting peptide extracts 

were reduced by vacuum centrifugation to approximately 1 L then resuspended with 

0.1% TFA in 2% ACN to a total volume of ~10 L. 

LC-ESI-MS/MS was performed using an Ultimate 3000 nan-flow system (Dionex) 

coupled to an Impact II QTOF mass spectrometer (Bruker Daltonics, Billerica, MA) via 

an Advance CaptiveSpray source (Bruker Daltonics). 4 L of each digested sample was 

loaded onto a trapping column (Acclaim PepMap100, C18, pore size 100 Å, particle size 

3 m, 75 m ID x 2 cm length, Thermo Scientific) at 3 l/min using 0.1% FA, 5% ACN in 

water. Peptide separation was then performed on an Acclaim PepMapp RSLC column 

(C18, pore size 100 Å, particle size 3 m, 75 m ID x 15 cm length, Dionex) at 0.3 l/min 

using a linear gradient of 5-45% ACN in 0.1% FA over 90 minutes. Collision-induced 

dissociation (CID) spectra were acquired in the 150-2000 m/z range in a data-

dependent fashion using Bruker’s Shotgun Instant Expertise method. This method uses 

IDAS (intensity dependent acquisition speed) to adapt the speed of the acquisition 

depending on the intensity of precursor ions (fixed cycle time), and RT2 (RealTime Re-

Think) to exclude previously selected precursor ions from undergoing re-fragmentation 

unless the chromatographic peak intensity of the ion has increased by a factor of 5. 

 

Proteomic data analysis 

Post acquisition, acquired spectra were subjected to peak detection and de-convolution 

using Compass DataAnalysis for OTOF (version 1.7, Bruker Daltonics). Processed 

MS/MS spectra were then exported to Mascot generic format (mgf) and submitted to 
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Mascot (version 2.3.02) for identification. Search parameters were as follows; the 

SwissProt database was searched, the taxonomy used was Bacteria, the enzyme was 

specified as trypsin with up to 2 missed cleavages, variable modification of 

carbamidomethyl of cysteine and oxidation of methionine, MS mass tolerance of 50 

ppm, and MS/MS mass tolerance of 0.2 Da. Mascot protein identifications were made if 

at least two unique peptides were sequenced from a protein and had individual ion 

scores above the homology threshold. Multiple charge states were not considered as 

unique. Protein identities, SwissProt accession number, molecular weight, and 

exponentially modified protein abundance index (emPAI) value are listed in 

Supplemental Table S1. emPAI is an approximate measure of relative quantification for 

proteins within each gel spot/band, as previously developed.479 
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Supplementary results 

Supplemental Table S1. UF-CM 13565 Stationary phase supernatant mascot protein 
identification with liquid chromatography – electrospray ionization tandem mass 

spectrometry.  

Accession number of the protein according to SwissProt database. Relative quantification within each 
band (gel spot) is reported as the exponentially modified protein abundance index (emPAI) value. 

Mascot protein identifications Accession number 
MW 

(kDa) 
emPAI 

Band 1 

Alpha-hemolysin HLA_STAAU 35.88 20.82 

Extracellular matrix-binding protein ebh EBH_STAAC 1130.66 -1.0 

Extracellular matrix-binding protein EbhA EBHA_STAAM 721.89 -1.0 

Extracellular matrix-binding protein ebh EBH_STAAR 1156.47 -1.0 

DNA gyrase subunit A GYRA_STAAC 99.29 -1.0 

Band 2 

Alpha-hemolysin HLA_STAAU 35.88 75.38 

Extracellular matrix-binding protein ebh EBH_STAAR 1156.47 -1.0 

Band 3 

Lipoteichoic acid synthase LTAS_STAAC 74.35 6.63 

Lipoteichoic acid synthase LTAS STAAB 74.35 6.63 

Bifunctional autolysin ATL_STAAM 136.67 0.56 

Lipase 1 LIP1_STAA8 76.63 1.79 

Lipase 1 LIP1_STAAR 76.56 1.38 

Probable glycine dehydrogenase (decarboxylating) subunit 1 GCSPA_STAAM 49.68 1.33 

Cysteine-tRNA ligase SYC_STAAC 53.65 1.46 

Alpha-hemolysin HLA_STAAU 35.88 2.21 

Dihydrolipoyl dehydrogenase DLDH_STAAC 49.42 0.53 

N-acetylmuramoyl-L-alanine amidase domain-containing 
protein SAOUHSC 02979 

Y2979_STAA8 69.21 0.36 

Elongation factor G EFG_STAAB 76.56 0.32 

Glutamine synthetase GLNA_STAAC 50.81 0.61 

Serine-tRNA ligase SYS_STAAC 48.61 0.36 

Glutamine synthetase GLNA_STAAR 50.82 0.51 

Phosphoenolpyruvate carboxykinase ATP PCKA_STAAC 59.34 0.29 

Glutamate-tRNA ligase SYE_STAAB 56.31 0.11 

Lipase 2 LIP2_STAAR 76.64 0.08 

Formate-tetrahydrofolate ligase FTHS_STAAC 59.88 0.11 

Serine-aspartate repeat-containing protein C SDRC_STAAC 102.85 0.03 

Aconitate hydratase ACON_STAAC 98.91 0.03 

Band 4 

Lipase 1 LIP1_STAA8 76.63 3.31 

Staphopain B SSPB_STAAC 44.49 7.67 

Staphopain B SSPB_STAAS 44.58 6.54 

Staphopain B SSPB_STAAU 44.55 5.19 

Alanine dehydrogenase 2 DHA2_STAA3 40.08 6.54 

Alanine dehydrogenase 2 DHA2_STAAR 40.09 6.54 

Enolase ENO_STAAB 47.09 1.96 

Ornithine aminotransferase 2 OAT2_STAAC 43.39 1.0 
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N-acetylmuramoyl-L-alanine amidase domain-containing 
protein SAOUHSC 02979 

Y2979_STAA8 69.21 0.48 

Uncharacterized peptidase SA1530 Y1530_STAAN 39.58 0.7 

Lipoteichoic acid synthase LTAS_STAAC 74.35 0.38 

Probable acetyl-CoA acyltransferase THLA_STAAC 41.65 0.54 

Phosphoglycerate kinase PGK_STAAB 42.58 0.64 

Alpha-hemolysin HLA_STAAU 35.88 0.65 

Phosphopentomutase DEOB_STAAB 43.77 0.41 

Gamma-hemolysin component B HLGB_STAAC 36.69 0.39 

Lipase 2 HLGB_STAAC 76.34 0.13 

6-phosphogluconate dehydrogenase, decarboxylating 6PGD_STAAC 51.77 0.26 

NAD-specific glutamate dehydrogenase DHE2_STAAC 45.73 0.3 

Probable uridylyltransferase SACOL2161 URTF_STAAC 44.87 0.14 

Band 5 

Alpha-hemolysin HLA_STAA8 35.95 133.09 

Phospholipase C PHLC_STAAC 37.21 14.36 

Gamma-hemolysin component B HLGB_STAAC 36.69 6.63 

Leucotoxin LukDv LUKDV_STAAS 36.87 4.49 

Gamma-hemolysin component B HLGB_STAAR 36.79 5.49 

Leucotoxin LukEv LUKEV_STAA8 34.14 3.04 

Elongation factor Ts EFTS_STAAC 32.47 2.29 

Gamma-hemolysin component A HLGA_STAAC 34.93 1.35 

Lipase 1 LIP1_STAA8 76.63 0.6 

1-phosphatidylinositol phosphodiesterase PLC_STAAE 35.23 1.15 

Leucotoxin LukE LUKE_STAAU 35.22 0.66 

Bifunctional autolysin ATL_STAAM 136.67 0.14 

Foldase protein PrsA PRSA_STAAB 35.6 0.52 

Gamma-hemolysin component C HLGC_STAAR 35.62 0.52 

Glutamyl endopeptidase SSPA_STAAC 36.29 0.28 

Malonyl CoA-acyl carrier protein transacylase FABD_STAAC 33.61 0.43 

Succinyl-CoA ligase ADP-forming subunit alpha SUCD_STAAC 31.52 0.33 

Thioredoxin reductase TRXB_STAAC 33.59 0.43 

Uncharacterized protein MW1862 Y1862_STAAW 38.52 0.17 

Alcohol dehydrogenase ADH_STAAB 36.02 0.18 

Band 6 

Serine protease SplB SPLB_STAAC 26.08 29.27 

Serine protease SplB SPLB_STAAM 26.12 18.21 

Serine protease SplA SPLA_STAAC 25.86 18.69 

Serine protease SplD SPLD_STAAE 25.66 15.02 

Serine protease SplF SPLF_STAA2 25.56 10.45 

Serine protease SplF SPLF_STAAC 25.64 9.09 

Alpha-hemolysin HLA_STAAU 35.88 7.73 

Serine protease SplA SPLA2_STAAU 25.37 2.6 

Serine protease SplE SPLE_STAAC 25.66 2.18 

Serine protease SplB SPLB_STAAB 26.08 1.78 

Serine protease SplC SPLC_STAAC 26.08 1.78 

Serine protease SplC SPLC_STAAS 26.02 1.49 

Putative dipeptidase SAB1611c PEPVL_STAAB 52.75 0.49 

Phospholipase C PHLC_STAAC 37.21 0.38 

UPF0447 protein MW0542 Y542_STAAW 29.37 1.03 

UPF0447 protein SA0544 Y544_STAAN 29.37 1.03 
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Serine protease SplE SPLE_STAAR 25.71 0.78 

Adenylate kinase KAD_STAAC 23.96 1.37 

2-C-methyl-D-erythritol 4-phosphate cytidylyl transferase 2 ISPD2_STAAC 26.64 1.18 

2-C-methyl-D-erythritol 4-phosphate cytidylyl transferase 2 ISPD2_STAAB 26.64 1.18 

Band 7 

Alpha-hemolysin HLA_STAAU 35.88 7.05 

Serine protease SplB SPLB_STAAC 26.08 2.92 

Serine protease SplF SPLF_STAAC 25.64 1.52 

Serine protease SplF SPLF_STAA2 25.56 1.53 

50S ribosomal protein L17 RL17_STAA1 13.74 1.86 

Nucleoside diphosphate kinase NDK_STAAB 16.56 3.11 

50S ribosomal protein L21 RL21_STAA1 11.33 3.56 

Serine protease SplA SPLA_STAAC 25.86 0.99 

50S ribosomal protein L25 RL25_STAA3 23.77 1.11 

Phospholipase C PHLC_STAAC 37.21 0.62 

50S ribosomal protein L11 RL11_STAA1 14.86 2.93 

Serine protease SplD SPLD_STAAE 25.66 0.59 

Staphylokinase SAK_STAAM 18.48 1.22 

50S ribosomal protein L22 RL22_STAA1 12.83 2.07 

Gamma-hemolysin component B HLGB_STAAC 36.69 0.39 

Gamma-hemolysin component A HLGA_STAAC 34.93 0.53 

30S ribosomal protein S9 RS9_STAA1 14.61 0.81 

77 kDa membrane protein OMP7_STAAC 77.01 0.12 

Uncharacterized protein SAB0704 Y704_STAAB 22.2 0.94 

6,7-dimethyl-8-ribityllumazine synthase RISB_STAAB 16.39 0.7 
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Supplemental Figure S1. Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE) of S. aureus conditioned media (CM) and ultrafiltered (UF) CM at different growth 

phases. 

The lanes depicted are size marker (M), exponential CM ATCC 13565 (1), exponential UF-CM ATCC 
13565 (2), post-exponential CM ATCC 13565 (3), post-exponential UF-CM ATCC 13565 (4), stationary 

CM ATCC 13565 (5), and stationary UF-CM ATCC 13565 (6). SDS-PAGE gel identifies several high 
intensity stain bands for analysis and demonstrates that UF does not alter the exoproteome. 

 

 

Supplemental Figure S2. Bacterial growth curve of ATCC strains 13565 and 25923. 

Conditioned media collection during the exponential, post-exponential, and stationary growth phases 
(arrows placed at 3, 7, and 15 hours). 
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Supplemental Figure S3. Lactate dehydrogenase (LDH) assay 

ATCC 13565 UF-CM, supernatant (SN) fraction after ultracentrifugation (UC), and the UC fraction are 
not cytotoxic at 4 (A) or 6 (B) hours of HNEC-ALI treatment. LDH is expressed as a percentage of total 

LDH release determined with a Triton-X positive control. (C) Transepithelial electrical resistance 
(TEER) was measured simultaneously with the LDH assay. Data until 4 hours includes n=3, and data 

between 4-6 hours includes n=2. The values are shown as single data points, and mean. 
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Abstract 

Objectives: Staphylococcus aureus (S. aureus) infection is known to contribute to the 

severity and recalcitrance of chronic rhinosinusitis (CRS), and its secreted products have 

been shown to alter the airway barrier. Extracellular proteases secreted by S. aureus are 

thought to be important in epithelial infection and immune evasion however their effect 

on airway mucosal barrier function is not known. 

Methods: To investigate the impact of extracellular proteases on airway epithelial 

integrity, the purified S. aureus proteases V8 protease, Staphopain A, Staphopain B, 

Exfoliative Toxin A and Serine protease-like (Spl) A-F were applied to human nasal 

epithelial cell air-liquid interface (HNEC-ALI) cultures. Transepithelial electrical 

resistance (TEER), permeability (Papp) measurements and immuno-localisation of the 

tight junction proteins claudin-1 and ZO-1 were used to assess barrier integrity. Effects 

of the proteases on inflammation and cell viability were measured using interleukin-6 

(IL-6) ELISA and a lactate dehydrogenase (LDH) assay. 

Results: Application of V8 protease to HNEC-ALI cultures caused a significant 

concentration and time dependent decrease in TEER (22.67%, p<0.0001), a reciprocal 

Papp increase (20.14 fold, p<0.05) and a discontinuous ZO-1 immuno-localisation 

compared to control. IL-6 production was significantly reduced in V8 protease treated 
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cells (153.5pg/ml, p=0.0069) compared to control (548.3 pg/ml) while no difference in 

cell viability was observed. 

Conclusion: S. aureus V8 protease causes dysfunction of mucosal barrier structure and 

function indicative of a “leaky” barrier. A reduction in IL-6 levels suggests that the 

mucosal immunity is impaired by this protease, and hence has the potential to 

contribute to CRS recalcitrance. 

Keywords: Staphylococcus aureus, extracellular proteases, Interleukin-6, chronic 

rhinosinusitis, airway barrier. 
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Introduction 

The sinonasal mucosa presents the first innate barrier defence to external pathogens 

within the paranasal sinuses. A crucial aspect of which is the function of apical junctional 

complexes at the cell-to-cell interface. The most superficial of these important 

structures includes the tight and adherens junctions. These regulate ion and molecular 

movement between environment and host, and maintain cell polarity, while also 

coordinating the mucosal response to pathogens, allergens, and other foreign 

particles.453 Tight junctions (TJ) are formed by the coupling of transmembrane proteins 

between neighbouring cells and include occludin and the claudin family. Inter-cellular 

heterodimers such as Zona Occludens-1 (ZO-1), are anchored on their cytoplasmic end 

by associated proteins and the actin cytoskeleton.452 

TJ disruption and a subsequent leaky epithelial barrier have been implicated in several 

chronic diseases including atopic dermatitis, asthma, and inflammatory bowel disease. 

Microbial pathogens of the gastrointestinal tract have developed mechanisms to disrupt 

the TJ barrier and cross the mucosal barrier, reportedly mediated by secreted toxins, 

proteases, or signalling molecules.480 

Chronic Rhinosinusitis (CRS) is widely recognised as a heterogeneous disease with a 

multifactorial pathogenesis involving host, microbial, and environmental influences. 

Sinonasal mucosa from patients with CRS, particularly those with nasal polyps has 

recently exhibited properties of a leaky barrier.20 A plethora of evidence implicates 

Staphylococcus aureus (S. aureus) in the initiation and persistence of CRS, post-surgical 

infections and poor wound healing.331,450,481,482 S. aureus also secretes products that 

disrupt the sinonasal TJ barrier in-vitro.19 The products responsible for this mechanism 

in sinonasal epithelium remain unknown. 
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S. aureus extracellular proteases include cysteine (staphopain A and B), serine (V8 

protease) and serine protease-like (spl proteases), and metalloproteases. Such proteases 

have previously been implicated in enhanced tissue invasion, degradation of immune 

defences, and regulation of microbial biofilm.379,384,483,484 S. aureus V8 protease causes 

epidermal barrier dysfunction, and Exfoliative Toxin A (ETA) cleaves desmoglein 

resulting in loss of cell-cell adhesion.293,485 Furthermore, S. aureus induces an 

interleukin-6 (IL-6) response in cell culture and nasal explant models, confirming IL-6 

as an indicator for S. aureus related immune responses.388,486 

The aim of this study was to investigate the effects of S. aureus extracellular proteases 

on the barrier function of differentiated nasal epithelial cells. Evaluating their ability to 

alter paracellular junctions, TJ protein localisation, and cytokine expression. 
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Methods 

Ethics statement 

Ethics approval for cytological nasal brushings from healthy volunteers was granted by 

the Queen Elizabeth Hospital Ethics Committee. All participants enrolled were given 

written informed consent, an information sheet, and participation was voluntary. 

Exclusion criteria included active smoking, under 18 years old, recent upper respiratory 

tract infection, and CRS or allergic rhinitis. 

 

Primary nasal epithelial cell air-liquid interface culture 

Nasal brushings were taken from the inferior turbinates using cytology brushes 

(McFarlane Medical Equipment Pty Ltd, VIC, Australia) and transported in Bronchial 

Epithelial Cell Growth Medium (BEGM) (Lonza, Basel, Switzerland). Samples were 

centrifuged (1700 RPM; 5 minutes) and resuspended in Clonetics™ B-ALI™ growth 

medium (Lonza) in a culture plate coated with anti-CD68 (Dako, CA, USA). Cells were 

then seeded onto a type 1 collagen coated T25 flask (Corning, NY, USA). Cells were 

harvested when 80% confluent for seeding onto collagen coated 6.5 mm permeable 

polyester transwell membranes with 0.4 m pores (Corning) at a density of 7 × 104 cells 

per well. Human nasal epithelial cell air-liquid interface cultures (HNEC-ALI) were 

established as reported previously from our department.323 In short, cell cultures were 

maintained with B-ALI™ growth medium for 3-4 days in at 37C with 5% CO2. The apical 

and basal media was then removed and the basal media replaced with B-ALI™ 

differentiation media. HNEC-ALI cultures were maintained for 14 days for barrier 

function development.457 
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Staphylococcus aureus extracellular proteases 

Staphopains A and B were isolated from the culture supernatants of strain 8325-4, 

whereas V8 protease was purified from strain V8BC10, as described previously.383,487–489 

ETA was expressed in E. coli and purified as earlier described.490,491 SplA, SplB, SplC and 

SplD were expressed in E. coli as described previously.396–398,492 SplE was expressed in E. 

coli from pGEX-5T plasmid. The GST fusion was recovered by affinity chromatography 

and the tag was removed using thrombin. GST was separated by ion-exchange 

chromatography (SourceS, GE Healthcare, UK) in 50 mM sodium acetate, pH 5.5. SplE 

was further purified and the buffer exchanged by gel filtration in 5 mM Tris pH 8.0, 100 

mM NaCl (Superdex 75 pg, GE Healthcare, UK). SplF was expressed in E. coli from pET 

20b(+). Secreted SplF was precipitated from the culture medium using ammonium 

sulphate (85% saturation) and initially purified by nickel affinity chromatography. 

Further purification was achieved using anion exchange chromatography (MonoQ, GE 

Healthcare, UK) in 50mM Tris-HCl, pH=7,5. The protein was dialyzed against PBS and 

stored frozen until further use. The purity of all preparations was at least 95%, as 

assessed by SDS–PAGE. The enzymes were resuspended in phosphate buffered saline 

(PBS) and stored at -20 °C. Spl proteases were used separately and as a combined 

treatment Spl (A-F). All protease was used at 100 g/ml unless otherwise stated. 

 

Microbial conditioned media and protease activity 

Three American Type Culture Collection (ATCC) reference strains of S. aureus (13565, 

14458, and 25923) were cultured in nutrient broth for 7 hours at 37C. Supernatant from 

each strain was collected by centrifugation at 3000 RPM and then 0.22 m filter 

sterilized. V8 protease activity of each strain was tested in 90% and 50% supernatant 

concentrations, and compared to 100, 10, and 1 g/ml of V8 protease. The fluorescent 
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substrate (Z-Leu-Leu-Glu-7-amido-4-methylcoumarin; Bachem, Bubendorf, 

Switzerland) was suspended at 60 M with the respective protease or supernatant, and 

incubated for 30 minutes. Excitation 380 nm and emission 460 nm were measured using 

FLUOstar Optima 96-well microplate reader (BMG Labtech, Ortenberg, Germany). 

Results are expressed as relative fluorescence units (RFU). 

 

Transepithelial electrical resistance 

Transepithelial electrical resistance (TEER) was measured using an EVOM2 

voltohmmeter (World Precision Instruments, FL, USA) in Ohms per-square centimeter 

(Ω/cm2). TEER of cell free collagen coated membranes was subtracted and results were 

expressed as a percentage of the baseline. Measurements were only taken from cultures 

at 14 days maturity showing >400 Ω/cm2, while using a 37 stage. TEER was measured 

with fresh media prior to experimentation. Following this the apical media was replaced 

with 100 l of PBS control or protease. Time points included baseline, 2, 4, 6, and 12 

hours. Samples exposed to low dose proteases were measured at 24 hours to observe any 

delayed effect. 

 

Paracellular permeability 

The paracellular permeability of HNEC-ALI cultures was assessed after 12 hours. The 

apical compartment was replaced with 3 mg/ml of a neutral 4 kDa fluorescein 

isothiocyanate (FITC) dextran (Sigma-Aldrich, MO, USA) in PBS. Samples were then 

taken from the basolateral compartment after 2 hours of passage to allow sufficient 

detection. The amount of passaged dextran was measured using a microplate reader (Ex 
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485 nm, Em 520 nm). Dextran transfer was calculated according to the following 

equation: 

𝑃𝑎𝑝𝑝 = (
𝑑𝑄

𝑑𝑡
) ×

1

𝐴𝐶0
 

Papp is the apparent permeability coefficient (cm/s), dQ/dt (mg/s) is the transfer rate 

to the basolateral compartment, A (cm3) is the surface area, and C0 (mg/ml) is the 

starting concentration in the apical compartment.184 Fold changes compared to the 

control were calculated from Papp. 

 

Immunofluorescence of ZO-1 and Claudin-1 

Immunofluorescence was performed on HNEC-ALI cultures following 12 hours of 

treatment. Samples were PBS washed, then fixed in 2% paraformaldehyde for 15 

minutes, washed again, and air dried. Fixed samples were permeabilised with 0.1% 

Triton X-100 in PBS for 15 minutes, PBS washed, blocked for 1 hour with Protein Block 

(Dako) and incubated with 5 g/ml monoclonal mouse ZO-1 and 10 g/ml polyclonal 

rabbit Claudin-1 antibodies (Invitrogen, CA, USA) in TBS-T plus 10% serum free blocker. 

Samples were PBS washed before addition of Cy3 conjugated donkey anti-rabbit and 

Alexa Fluor 488 conjugated anti-mouse (Jackson Immunoresearch Labs, PA, USA) 

secondary antibodies in blocking buffer for 1 hour followed by application of 4’,6-

diamidino-2-phenylindole (DAPI) (Sigma-Aldrich). Membranes were mounted on slides 

with anti-fade mounting medium (Dako), and cover slipped. Slides were imaged using 

a Zeiss LSM 700 inverted confocal microscope (Carl-Zeiss, Oberkochen, Germany). 
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Expression of IL-6 in HNEC-ALI supernatants 

IL-6 cytokine was measured from the basal supernatant HNEC-ALI cultures. BD 

Pharmingen (BD Biosciences, CA, USA) quantitative IL-6 ELISA was performed 

according to the manufacturer’s instructions. The lower limit of detection was 15 pg/ml, 

results were expressed in pg/ml. 

 

Degradation of IL-6 by V8 protease 

Human IL-6 (BD Biosciences) 400 pg/ml was incubated with V8 protease (10 and 100 

g/ml) for 12 hours at 37C. Quantitative IL-6 ELISA was performed as above. V8 

protease and Human IL-6 alone were used as controls.  

 

Cytotoxicity assay 

Cytotoxicity was assessed using a colorimetric assay for lactate dehydrogenase (LDH). 

Supernatant was collected from HNEC-ALI cultures following 12 hours of exposure and 

transferred to a 96 well clear bottom plate. CytoTox 96 (Promega, WI, USA) reagent was 

added to the samples and incubated for 30 minutes at ambient temperature in a dark 

room. Stop solution was added and the plate read at an absorbance of 490 nm on a 

microplate reader. Results were expressed as percent of the PBS control by comparing 

the LDH release in the experimental. 

 

Statistical analysis 

TEER experiments were carried out in a minimum of 4 biological replicates. Protease 

activity, Papp, immunofluorescence and IL-6 measurements were collected from 3 
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biological replicates, and cytotoxicity from 5 biological replicates. Results are reported 

as mean (SD). Statistical differences between control and treatment groups were 

evaluated using unpaired 2-tailed t tests using GraphPad Prism version 6 for Apple 

(GraphPad Software, CA, USA). 
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Results 

S. aureus supernatant protease activity 

The relative protease activities of supernatant collected from S. aureus ATCC strains 

13565, 14458, and 25923 are shown in Figure 8. Relative protease activity of 90% 

supernatant of ATCC 13565, 14458, and 25923 were 1468 (16.26), 1563 (3.536), and 

1420 (0.71) RFU respectively. Relative protease activity of V8 protease at 100, 10, and 1 

g/ml were 1634 (147.1), 598.5 (70.71), and 34.5 (18.38) RFU respectively. This 

demonstrates that the activity of each strain is similar to 100 g/ml of V8 protease 

solution. Previous research has suggested that S. aureus protease activity in-vivo is 

equivalent to 50 g/ml, however this varies between isolates and purification 

techniques.292,293 

 

Figure 8. V8 protease activity comparison to S. aureus supernatants. 

V8 specific protease activity measured in ATCC 13565, 14458, and 25923 supernatants (SN) (90% and 

50% concentrations), compared against V8 protease solutions of 100, 10, and 1 g/ml. Measurements are 
expressed as relative fluorescent units (±SD). Data from four biologically independent replicates. 
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S. aureus V8 protease decreases TEER of HNEC-ALI in a time and dose 

dependent manner 

At 12 hours V8 protease caused a significant decrease in TEER from the baseline to 

22.67% (7.19) compared to the control 89.36% (14.46) (p<0.0001; Figure 9). In 

contrast, Staphopain A, Staphopain B, ETA, and Spl (A-F) did not result in any 

significant effect on TEER (Figure 9). SplA, SplB, SplC, SplD, SplE, and SplF were tested 

separately with no difference in TEER (data not shown). V8 protease’s detrimental effect 

on TEER was time dependent with statistically significant reductions in TEER at 4 hours 

41.28% (20.83) (p=0.029) and 6 hours 35.05% (21.34) (p=0.017; Figure 10). 

Additionally, a significant decrease in TEER was observed from 2 hours to 12 hours with 

a 40.06% (10.64) reduction (p=0.007; Figure 10). V8 protease at a lower concentration 

of 10 µg/ml did not decrease TEER (Supplemental Figure S3). 

 

Figure 9. V8 protease disrupts the pore pathway of the epithelial barrier with decreases in 
TEER. 

 HNEC-ALI cultures were treated with V8 protease, Staphopain A, Staphopain B, Exfoliative Toxin A, Spl 
(A-F), or PBS control for 12 hours. TEER measurements were taken at 0 and 12 hours, expressed as a 

percentage change from the baseline TEER (SD). () p < 0.0001 as determined by unpaired 2 tailed t 
tests. Data from four biologically independent replicates. 
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Figure 10. V8 protease disruption of the epithelial barrier is time dependent. 

HNEC-ALI cultures were treated with V8 protease or PBS control, changes in TEER were measured over 
time at 0, 2, 4, 6, and 12 hours. Measurements are expressed as a percentage change from the baseline 

TEER (SD). () comparing to baseline, and () comparing between 2 hours and 12 hours, p < 0.05 as 
determined by unpaired 2 tailed t tests. Data from four biologically independent replicates. 
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S. aureus V8 protease increases the paracellular permeability 

V8 protease demonstrated a statistically significant increase in paracellular permeability 

(p=0.0476; Figure 11). Fold changes in Papp with each protease were: V8 protease 20.14 

(11.73), Staphopain A 4.68 (4.38), Staphopain B 4.00 (3.33), Exfoliative toxin A 1.60 

(1.26), and Spl (A-F) 3.42 (2.63). Exposure to a lower dose did not show a significant 

change in Papp (Figure 11). 

 

Figure 11. V8 protease perturbs the leak pathway by increasing macromolecular permeability 
(Papp). 

HNEC-ALI cultures were exposed to (A) 10 µg/ml or (B) 100µg/ml of V8 protease, Staphopain A, 
Staphopain B, Exfoliative Toxin A, Spl (A-F), or PBS control for 12 hours. 4 kDa FITC dextran was added 

to the apical compartment and basolateral samples were taken after 2 hours of passage. Results are 

expressed as a fold change Papp compared to the PBS control (SD).  p < 0.05 as determined by 
unpaired 2 tailed t tests. Data from three biologically independent replicates. 
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Effects on cellular localisation of TJ proteins 

TJ proteins ZO-1 and claudin-1 were assessed in HNEC-ALI cultures exposed to V8 

protease and the no treatment control using florescence microscopy. V8 protease 

produced a discontinuous and less intense localisation of ZO-1 at the cell periphery 

compared to the control. Conversely claudin-1 was still localised to the cell periphery, 

but with an increase in signal intensity (Figure 12). 

 

Figure 12. Tight junction proteins Claudin-1 and ZO-1 were discontinuous in V8 exposed cells. 

HNEC-ALI cultures exposed to V8 protease or control PBS were simultaneously assessed for Claudin-1 
and ZO-1 localisation. Control PBS exposed HNEC-ALI immunolocalisation of ZO-1 (A) and Claudin-1 

(C), and V8 protease exposed HNEC-ALI immunolocalisation of ZO-1 (B) and Claudin-1 (D). 
Immunofluorescence investigation was repeated on three biologically independent samples. 
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Interleukin-6 production is reduced by V8 protease 

Cell culture basal supernatants were analysed after 12 hour of treatment for IL-6 

production using ELISA. A significant decrease in IL-6 protein levels were detected 

following V8 protease compared to the control (p=0.0069), 153.5 pg/ml (127.6) and 

548.3 pg/ml (39.97) respectively (Figure 13). The other S. aureus proteases did not show 

a statistically significant difference in IL-6 production. 

 

Figure 13. Effects of V8 protease on IL-6 production from HNEC-ALI cultures. 

IL-6 production was measured using ELISA after HNEC-ALI cultures were treated with V8 protease, 
Staphopain A, Staphopain B, Exfoliative Toxin A, Spl (A-F), or PBS control simultaneously for 12 hours. 

IL-6 is expressed in pg/ml (SD).  p < 0.05 as determined by unpaired 2 tailed t tests. Data from three 
biologically independent replicates. 
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V8 protease degrades human IL-6 in-vitro 

IL-6 ELISA following a 12-hour incubation of 400 pg/ml human IL-6 with 10 and 100 

µg/ml V8 protease showed a complete loss of detectable IL-6 in the samples. V8 alone 

showed no background fluorescence or reactivity with the ELISA assay (Table 7). 

Table 7. ELISA of human IL-6 after exposure to V8 protease. 

IL-6 ELISA of 400 pg/ml human IL-6 incubated for 12 hours with PBS, 10 µg/ml V8 protease, and 100 

µg/ml V8 protease. Results are expressed in pg/ml (SD). Undetectable refers to samples below the 
lower limit of detection of 15 pg/ml. 

Sample IL-6 pg/ml (SD) 

400 pg/ml IL-6 + PBS 378.8 (20.656) 

10 µg/ml V8 protease Undetectable 

100 µg/ml V8 protease Undetectable 

400 pg/ml IL-6 + 10 µg/ml V8 protease Undetectable 

400 pg/ml IL-6 + 100 µg/ml V8 protease Undetectable 

PBS Undetectable 
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V8 protease induced TJ dysfunction is not secondary to cell cytotoxicity 

Measurement of LDH release from HNEC-ALI exposed to the control media and 100 

µg/ml of each protease showed no statistically different result in cell cytotoxicity (Table 

8). 

Table 8. HNEC-ALI cytotoxicity assay. 

Cytotoxicity assay of HNEC-ALI cultures exposed to 12 hours of 100 µg/ml V8 protease, Staphopain A, 
Staphopain B, Exfoliative Toxin A, Spl (A-F). Results are expressed as LDH Optical Density (OD) and 

LDH % of PBS vehicle control (SD). Non-significant (NS). 

 LDH OD 460 nm (SD) LDH % of control (SD) 

Vehicle Control 0.0866 (0.0053) N/A 

V8 Protease 0.0914 (0.0078) 105.59 (7.12) 

Staphopain A 0.0909 (0.0079) 104.90 (5.07) 

Staphopain B 0.0888 (0.0060) 102.53 (3.05) 

Exfoliative Toxin A 0.0884 (0.0056) 102.18 (5.33) 

Spl (A-F) 0.0856 (0.0036) 99.15 (7.82) 
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Discussion 

This is the first report, to our knowledge that describes the barrier altering effect that S. 

aureus V8 protease has on sinonasal epithelial cells. The function of S. aureus 

extracellular proteases within the sinonasal cavity is not well known and our findings 

suggest a novel pathogenic mechanism of S. aureus extracellular proteases. V8 protease 

demonstrated a significant effect on the TJ barrier when applied to the sinonasal cell 

layer by dramatically altering paracellular permeability, and fragmenting protein 

localisation. V8 protease caused a reduction in TEER that was time and concentration 

dependent, with maximal effect at 12 hours. This was accompanied by increased 

molecular permeability to a neutral 4 kDa dextran, which indicates that 

antigens/proteins up to this size may traverse the mucosa. 

The pseudostratified ciliated columnar epithelium lining the paranasal sinuses is a 

pivotal part of the innate immune system. The complex co-ordination of the barrier 

function, mucus regulation, mucociliary clearance, cytokine production, and production 

of antimicrobial molecules all form the first line of defence against pathogens, antigens, 

or environmental particles.493 CRS is primarily a mucosal disease where by several 

aspects of the innate immune function are dysregulated.494 Recently it has been 

hypothesised that a defective epithelial barrier is either the cause or the result of 

mucosal inflammation in CRS. Nasal polyp biopsy specimens showed decreased 

expression of TJ proteins, which also negatively correlated with disease severity and 

eosinophilic inflammation. It has been suggested that CRS barrier dysfunction is a result 

of environmental, microbial and host factors.20,193,495 Previous research from our group 

has shown that the supernatants from S. aureus ATCC strain 13565 disrupt the TJs of 

HNEC-ALI cultures, however the identity of the toxin(s) responsible for this effect has 
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yet to be identified.19 This study does not exclude other S. aureus products as the 

responsible factor, but rather highlights the protease family for further investigation. 

V8 protease is a 29 kDa serine protease, which is produced by S. aureus during the 

exponential bacterial growth phase.379 This study observed that V8 protease alters the 

mucosal barrier, however little is known about the bacterial protease activity within the 

paranasal sinuses. Serine protease activity in severe atopic dermatitis has been 

correlated to 50 g/ml, and contributes to dermal injury.292 In addition, V8 protease 

applied in-vivo to murine skin at concentrations of 50–500 g/ml demonstrated an 

increase in epidermal permeability and inflammatory infiltration.293 In our study we 

have observed decreased staining intensity in the TJ protein ZO-1 with relatively little 

change in Claudin-1 due to V8 protease. The changes in ZO-1 could be due to protein 

redistribution or degradation. We have not identified whether this is due to proteolytic 

degradation or via an indirect mechanism. To date there are no studies examining the 

specific mucosal barrier effects of S. aureus proteases, however other exogenous 

proteases have been implicated in mucosal barrier dysfunction. Similar effects on barrier 

function have been seen with pollen derived peptidases.496 

The effects we have observed on barrier function have potential to increase mucosal 

bacterial translocation allowing subepithelial infection. P. aeruginosa induced barrier 

dysfunction in human bronchial cell monolayers increases bacterial translocation 

through the paracellular route.497 In addition to the effects on bacterial translocation, 

protease induced TJ disruption has consequences for antigen sensitisation. The well 

studied house dust mite derived proteases cause proteolysis of occludin, claudin-1, and 

ZO-1 in airway epithelium resulting in transepithelial antigen delivery.498–500  

Despite these effects on the barrier integrity it should be noted that no significant 

induction of cell cytotoxicity was evident in our study. Furthermore, barrier dysfunction 
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was interestingly associated with degradation of the innate pro- inflammatory cytokine 

IL-6. We observed that production of mucosal IL-6 was diminished in V8 protease 

treated HNEC-ALI cultures, and this is likely due to a direct effect on IL-6. Incubation 

of a purified IL-6 with V8 protease resulted in an undetectable IL-6 via ELISA. Indeed, 

V8 proteases are known to cleave peptide bonds at the carboxyl side of Glutamic acid 

(Glu) and Aspartic acid (Asp).501 Analysis of the IL-6 protein sequence shows that IL-6 

is rich in Glu and Asp.502 IL-6 cytokines are central to monocyte and T cell recruitment, 

lymphocyte differentiation, mucosal protection against microorganisms, and mucosal 

IgA responses.503–506 V8 protease targets the innate immune system by degrading 

complement factors, and inhibiting complement activators such as collectins.507 

Furthermore, S. aureus derived V8 protease and metalloprotease induce the activation 

and deposition of complement factor C1q onto Staphylococcus epidermidis.507 In 

gastrointestinal mucosa it is known to protect against biofilm colonisation and prevent 

mucosal apoptosis.505 The function of IL-6 specific to sinonasal mucosa is poorly 

understood. Our findings conflict with the literature, with an article by Cantero et al., 

(2014) showing that S. aureus biofilm grown on nasal explants induces gene and protein 

expression of IL-6.486 We speculate that IL-6 levels might be decreased locally at the 

bacteria-host interface by V8 protease secreting S. aureus strains. This local decrease of 

IL-6 would alter immune cell recruitment and potentially prevent biofilm eradication, 

representing a novel immune evasion mechanism. 

This study did not observe any change in the mucosal barrier following exposure to the 

spl proteases. Spl proteases are closely related to V8 protease, but with a very narrow 

substrate specificity.397,492 Recently, spl proteases have been shown to stimulate Th2 

cytokine production in airway tissue and T cells, implicating spl proteases in airway 

allergy.403 We reason that the V8 protease could potentially act as a complement to the 
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spl proteases, allowing penetration through the nasal mucosa so the spl proteases can 

exert effects on the submucosal immune structures. In view of these previous 

observations and our results, V8 protease plays a role in the initial invasion of S. aureus 

by perturbing the innate barrier, and disrupting the immune system. It is likely that the 

S. aureus extracellular proteases act synergistically, each possessing site-specific targets 

between host and bacteria to promote survival. 

Future studies may reveal the interplay between numerous virulence factors within the 

S. aureus exoproteome, and how this contributes to disease. In particular, how S. aureus 

proteases modulate the sinonasal mucosal immune response individually and in 

concert, and whether their presence enhances the occurrence of opportunistic bacterial 

or fungal infection. 

We have identified a novel mechanism of barrier dysfunction in sinonasal epithelium 

caused by the S. aureus V8 protease. This has the potential to impair the innate barrier, 

alter mucus secretion, increase antigen exposure, and initiate subepithelial infection. V8 

protease is a highly conserved gene among S. aureus clinical isolates, and its importance 

may only become evident in clinical studies observing the pathogen, host, and 

environment—or as a target for medical therapy. 
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Supplementary Information 

Supplementary results 

 

Supplemental Figure S4. HNEC-ALI cultures treated with V8 protease at 10 µg/ml or PBS control 
for 12 hours (A), and for 24 hours (B). 

TEER measurements were taken at 0, 12 and 24 hours, expressed as a percentage change from the 

baseline TEER (SD). Data from three biologically independent replicates.  
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Abstract 

Background: Zinc is an essential trace element that influences the integrity of the 

epithelial barrier, immune system, and other cellular functions. Previous studies have 

suggested that zinc levels are decreased in chronic rhinosinusitis (CRS), however the 

role of zinc in barrier function is not known. The objective of this study was to estimate 

labile zinc levels within CRS patient tissues compared to controls and to determine the 

effect of zinc depletion (ZD) on the sinonasal epithelial barrier. 

Methods: Samples were collected from 56 patients undergoing endoscopic sinus 

surgery (CRSsNP n=18, and CRSwNP n=38) and 17 control patients undergoing skullbase 

surgery. Dual labelling immunofluorescence was used to examine labile zinc levels and 

Zonula occludens-1 (ZO-1) expression in sinonasal tissue and nasal epithelial cells at air 

liquid interface (ALI). The effects of ZD on barrier function of ALI cultures was measured 

using transepithelial electrical resistance (TEER) and dextran flux. qPCR was used to 

compare zinc transporter gene expression between patient groups. 

Results: Immunohistofluorescence of sinonasal tissue showed that labile zinc and 

apical ZO-1 were both significantly decreased in CRSwNP. In-vitro ZD resulted in barrier 

dysfunction evidenced by decreased TEER by days 10 and 15 of ALI culture. This was 

paired with loss of ZO-1 protein expression and cellular labile ZD. Zinc transporter gene 

expression identified MT1a, MT2a, ZIP1, ZIP2, ZIP14 were down regulated and ZnT1 up 

regulated in CRSsNP, while MT3 was down regulated in CRSwNP. 
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Conclusion: These results suggest that zinc directly contributes to barrier function and 

integrity in chronic rhinosinusitis. Furthermore, zinc transporter gene expression is 

differentially regulated between CRSsNP and CRSwNP. 

Keywords: Zinc; airway barrier; chronic rhinosinusitis; zinc transporters; tight junction. 
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Introduction 

Chronic rhinosinusitis (CRS) is an inflammatory disease of the paranasal sinuses with a 

heterogeneous clinical presentation and a multifaceted pathogenesis.1 The clinical 

spectrum of CRS is subdivided into the broad phenotypes of CRS without nasal polyps 

(CRSsNP) and CRS with nasal polyps (CRSwNP). The sinonasal mucosa forms the 

physical barrier against allergens, microbes, and particulate matter. The physical barrier 

is formed by epithelial cells and the junctional complexes connecting neighbouring cells. 

Junctional complexes are composed of tight junctions (TJs), adherens junctions and 

desmosome proteins, descending apical to basal.452 Recent investigation into the CRS 

barrier function has shown that TJ genes/proteins are down regulated, particularly in 

nasal polyps.20,196,495 Little is known about the contributing and mechanistic factors 

leading to a dysfunctional barrier in CRS. Staphylococcus aureus secreted factors19 and 

host inflammatory cytokines20,323,454 have been implicated in causing in-vitro barrier 

dysfunction. 

Zinc is an essential trace element involved in aspects of immune system regulation,508 

cell membrane stabilisation,431 barrier function,279 wound healing, and cellular 

functions.509 In the gastrointestinal mucosal barrier zinc homeostasis can regulate TJ 

development.282 Zinc homeostasis is coordinated by the zinc transporter families ZIP 

(SLC39) and ZnT (SLC30), complemented by metallothioneins as intracellular zinc 

binders and donors.442 Local zinc deficiency along with barrier dysfunction have been 

implicated in chronic inflammatory disorders such as Helicobacter pylori induced 

gastritis241 and inflammatory bowel disease.279,510 Furthermore, research in CRS 

identified that zinc abundance was significantly lower in nasal polyp tissue,438 while 

serum zinc concentrations are unaffected in CRS.435 
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Based on this previous work we hypothesised that local zinc deficiency in sinonasal 

mucosa may affect the development of appropriate barrier function hence contributing 

to the pathogenesis of chronic rhinosinusitis. This study aims to evaluate the effect of 

zinc deficiency on airway barrier integrity and investigated the gene expression of zinc 

transporters in CRS patients. 
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Methods 

Patients and tissue collection 

Institutional ethics approval was obtained and all participants were given written 

informed consent, and an approved participant information sheet. All consecutive 

unselected patients undergoing endoscopic sinus surgery (ESS) in a tertiary referral 

rhinology practice were recruited into the study, and were defined as controls, CRSsNP 

or CRSwNP. Control patients were undergoing ESS for skull base tumor resection, and 

were only included in the absence of radiographic or endoscopic evidence of sinusitis. 

CRS patients were divided into CRSsNP and CRSwNP depending on the absence or 

presence of nasal polyps respectively, as defined by the European Position Paper.1 

Exclusion criteria included immunosuppression and treatments with oral antibiotics, 

nasal or parenteral corticosteroids in the week prior to study inclusion, and limited or 

unavailable tissue samples. Demographic and clinical data including past medical 

history, previous sinus surgery, and SNOT22 was recorded (Table 9).511 Tissue samples 

were collected at the time of ESS and stored in RNAlater at -80C until analysis. A 

separate cohort of samples was stored in 10% neutral buffered formalin and then paraffin 

embedded for immunofluorescence. 

 

RNA extraction and real-time polymerase chain reaction 

Total RNA was extracted from RNAlater stored samples using the Qiagen RNeasy Mini 

kit (Qiagen GmbH, Germany) according to the manufacturer’s instructions followed by 

DNAse treatment with RNase-Free DNAse set (Qiagen). Extracted RNA was assessed for 

quality using the Experion RNA StdSens analysis kit (Bio-Rad Laboratories, CA, USA) 

and total quantification using the Nanodrop 1000 spectrophotometer (Thermo Fisher 
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Scientific, MA, USA). Reverse transcription (RT) was performed using the M-MLV 

Reverse Transcriptase system (Invitrogen, CA, USA) performed at 37C for 90 minutes, 

and 72C for 10 minutes. All RT reactions were performed with a no-RT control and no-

RNA control. Real-time PCR (RT-PCR) was performed on an Applied Biosciences ViiA7 

Real Time PCR system and TaqMan primer/probes (Thermo Fisher Scientific) to beta-2 

microglobulin (B2M) (Hs4326319E), hypoxanthine-guanine phosphoribosyltransferase 

1 (HRPT) (Hs99999909_m1), metallothionein 1A (MT1a) (Hs00831826_s1), 

metallothionein 2A (MT2a) (Hs02379661_g1), metallothionein 3 (MT3) 

(Hs01921768_s1), zinc transporter ZIP1 (ZIP1) (Hs00205358_m1), zinc transporter ZIP2 

(ZIP2) (Hs001113548_g1), zinc transporter ZIP14 (ZIP14) (Hs00299262_m1), zinc 

transporter 1 (ZnT1) (Hs00253602_m1), and zinc transporter 4 (ZnT4) 

(Hs00203308_m1). Gene expression levels were normalised relative to the 

housekeeping genes B2M and HRPT1, and calculated using the CT method. Results 

are expressed as the normalised gene expression and fold change between groups. 

 

Immunofluorescence of labile zinc and Zonula occludens-1 (ZO-1) protein in 

tissue samples 

Tissue samples were formalin fixed and paraffin embedded. Cylindrical cores (2 or 3 

mm) were taken from epithelial sections of samples, and then embedded in a fresh 

paraffin block to produce a tissue microarray (TMA). The TMA was sectioned at 4 m 

and mounted on glass slides for immunofluorescence. Slides were deparaffinised and 

subjected to heat induced antigen retrieval, followed by incubation with Protein Block, 

Serum Free (Dako, CA, USA). Slides were then incubated with mouse anti-ZO-1 

antibodies (Invitrogen) at 1:100 dilution in TBS-T plus 10% fetal bovine serum overnight 

at 4C. Negative control tissue slides were incubated with TBS-T plus 10% fetal bovine 
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serum overnight at 4C. The slides were then incubated with Alexa Fluor 488 anti-

mouse (Jackson ImmunoResearch Labs Inc, PA, USA) 1:200 dilution in blocking buffer 

for 1 hour at room temperature followed by incubation with the labile zinc fluorophore 

Zinquin [20] (gift from Dr P Zalewski, The University of Adelaide, Australia) 25 M in 

phosphate buffered saline (PBS) for 30 minutes at 37C, and mounted with fluorescent 

mounting medium (Dako). Slides were imaged using a Zeiss LSM 700 confocal 

microscope (Carl Zeiss AG, Oberkochen, Germany) using the 20x objective. Images were 

taken sequentially to minimise cross-talk between fluorophores. Excitation and 

emission values for ZO-1 and Zinquin were 488/525nm and 405/460nm respectively. 

All images were acquired with identical microscopy parameters. Processing was 

performed using ZEN Imaging Software (Carl Zeiss AG). The threshold of each image 

was adjusted for each channel to remove background fluorescence, and performed in a 

blinded fashion. Quantification of labile zinc was performed by selecting the epithelium 

as a region of interest (ROI) (Supplemental Figure S4). Quantification of TJ protein ZO-

1 was acquired by selecting the apical third of the epithelium within the previous ROI. 

Results are expressed as a mean fluorescence intensity (SD). 

 

Serum zinc concentration 

Serum was collected from 11 patients (2 controls, 5 CRSsNP, and 4 CRSwNP) with 

matching tissue samples that were included in the TMA. 3 additional serum samples 

from control patients were included. 100 L of serum was measured for zinc 

concentrations using an inductively coupled plasma mass spectrometer (ICP-MS)(Elan 

DRC; Perkin Elmer, MA, USA) 
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Zinc deplete media 

Zinc deplete (ZD) media was prepared by adding Chelex 100 (Sigma-Aldrich, MO, USA) 

10% wt:v to B-ALI™ differentiation media (Lonza, Basel, Switzerland) for 1 hour at 4C, 

then decanted and Chelex 100 added again overnight at 4C followed by filter 

sterilisation. B-ALI™ differentiation media and chelated media were analysed for zinc, 

magnesium, and copper concentrations using inductively coupled mass spectrometry. 

Sodium, chloride, and potassium concentrations were analysed using ion selective 

electrode potentiometry (Roche Cobras Integra 400, Rotkreuz, Switzerland). Calcium, 

Iron and Phosphorus were analysed using substrate specific absorbance photometry 

(Roche Cobras Integra 400). MgSO4, MgCl2, and CaCl2 were re-added to the chelated 

media to that of the B-ALI™ differentiation media (MgSO4 0.2 mM, MgCl2 0.45 mM, 

CaCl2 2.0 mM). Zinc concentrations in the B-ALI™ differentiation media were 2.72 M 

(2.67 – 2.79 M) and in the zinc deplete media were 0.3 M (0.1-0.6 M). Zinc 

concentrations were measured from three independent preparations of ZD media. 

 

Nasal epithelial cell collection and culture 

Ethics approval for cytological nasal brushings from healthy volunteers was granted 

from The Queen Elizabeth Hospital Human Ethics Committee. Cytological nasal 

brushings were collected from participants having signed written informed consent. 

Exclusion criteria included active smoking, age less than 18 years, systemic diseases, 

recent upper respiratory tract infection, and evidence of chronic rhinosinusitis or 

allergic rhinitis. Human nasal epithelial cell cultures (HNEC) were established as 

reported previously from our department.19,323 
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Air-liquid interface (ALI) culture in ZD media 

HNEC cultures were maintained with B-ALI™ growth medium (Lonza) for 3-4 days in a 

cell incubator at 37C with 5% CO2. The apical and basal media was then removed and 

the basal media replaced with B-ALI™ differentiation media (Lonza) as a negative 

control or ZD media and changed every alternate day. HNEC cultures were maintained 

at ALI for 15 days for development of TJs and normal barrier function. 

 

Transepithelial electrical resistance and paracellular permeability 

Transepithelial electrical resistance (TEER) was measured using an EVOM2 epithelial 

volt-ohmmeter (World Precision Instruments, FL, USA) at 5, 10, and 15 days on a 37C 

stage. Fresh B-ALI™ differentiation media (Lonza) or ZD media was added to the apical 

and basal compartments before measurement. The TEER of a cell free transwell 

membrane was subtracted from the measurement. Data are expressed as a mean 

percentage of control TEER (SD) at the corresponding day of HNEC culture. The 

paracellular permeability of the HNEC-ALI cultures was assessed by addition of a neutral 

4 kDa fluorescein isothiocyanate (FITC) dextran (Sigma-Aldrich) apically to a 

concentration of 3 mg/ml, permeability samples were then taken from the basolateral 

compartment after 2 hours of passage to allow sufficient 4kDa FITC for detection. The 

amount of passaged dextran was measured using a FLUOstar Optima 96 well microplate 

reader (BMG Labtech, Offenburg, Germany) using wavelengths 485 nm and 520 nm for 

excitation and emission respectively. Results assumed sink conditions of FITC dextran 

transfer and calculated according to the following equation as the apparent permeability 

(Papp): 

𝑃𝑎𝑝𝑝 = (
𝑑𝑄

𝑑𝑡
) ×

1

𝐴𝐶0
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Papp is the apparent permeability coefficient (cm/s), dQ/dt (mg/s) is the rate of transfer 

of the FITC dextran to the basolateral compartment, A (cm3) is the surface area of the 

transwell membrane, and C0 (mg/ml) is the starting drug concentration of the apical 

compartment.184 The paracellular permeability of ALI cultures was assessed on days 5, 

10, and 15 of ZD and control conditions. Measurements were performed as previously 

described.323 Data are expressed as the mean fold change (SD) compared to the control 

at the corresponding day. 

𝑃𝑎𝑝𝑝 (𝑓𝑜𝑙𝑑 𝑐ℎ𝑎𝑛𝑔𝑒) =
𝑃𝑎𝑝𝑝(𝑠𝑎𝑚𝑝𝑙𝑒)

𝑃𝑎𝑝𝑝(𝑐𝑜𝑛𝑡𝑟𝑜𝑙)
 

 

Immunofluorescence of ZD cultures 

ALI cultures from control and ZD conditions were prepared for immunofluorescence at 

5, 10, and 15 days. Staining for ZO-1 was conducted as previously described.19 Following 

application of the secondary antibody, samples were then washed five times in PBS and 

incubated with the Zinquin fluorophore 25 M in PBS for 30 minutes at 37C. Samples 

were washed three times in PBS, and mounted with fluorescent mounting medium 

(Dako) before cover slipping. Slides were imaged using a Zeiss LSM 700 confocal 

microscope (Carl Zeiss AG). 

 

Bio-Plex cytokine assay on HNEC-ALI supernatants 

Cytokine levels of IL-1, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-13, IFN-, and TNF- were 

quantified from the HNEC-ALI supernatant via a Bio-Plex 10 cytokine assay (Bio-Rad, 

CA, USA). The assays were conducted as per the manufacturer’s instructions. 

Concentrations were determined using Bio-Plex manager software with five parameter 

logistic regression (5PL) curve fitting and reported in pg/ml. 
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Statistical analysis 

All analysis was performed using PRISM 6 software (GraphPad Software, CA, USA). 

Immunofluorescence intensity values and normalised gene expression data were 

statistically analysed between patient groups using a non-parametric Kruskal-Wallis 

analysis followed by Dunn’s test for multiple comparisons with p<0.05 considered 

statistically significant. Differences for TEER and Papp data between control and ZD 

groups were evaluated using unpaired 2-tailed t tests. All correlation tests were non-

parametric Spearman rank correlations. Differences in cytokine production were 

statistically tested using multiple t tests with correction for multiple comparisons using 

the Holm-Sidak method. 

  



 158 

Results 

Patient demographics 

Samples for immunofluorescence and gene expression were collected from in total 73 

patients that underwent endoscopic sinus surgery, this included 17 control patients 

without sinus disease undergoing sinus surgery for skull base surgery. Demographic and 

phenotypic data are tabulated in Table 9. 

Table 9. Patient demographics for sinus tissue samples for immunofluorescence and gene 
expression. 

Clinical Features Control (n=17) CRSsNP (n=18) CRSwNP (n=38) 

Age mean years (range) 52.5 (26,73) 51.7 (20, 75) 53.4 (18, 82) 

Gender (male/female) 5/12 9/9 23/15 

Asthma (%) 0 (0%) 9 (50%) 22 (57.9%) 

Aspirin Sensitivity (%) 0 (0%) 0 (0%) 9 (23.7%) 

Allergy (%)† 1 (5.8%) 6 (33.3%) 16 (42.1%) 

SNOT 22 (SD) n/a 47.9 (18.1) 54.8 (18.3) 

Previous sinus surgery 
(%) 

n/a 3 (16.7%) 22 (57.9%) 

 31 patients reported a history of physician diagnosed asthma. † Defined as a previous positive skin 
prick test or RAST to at least 1 allergen. 

 

Genes involved in zinc homeostasis are differentially expressed in CRSsNP and 

CRSwNP 

We first wanted to evaluate whether expression of zinc homeostasis genes was altered 

in CRS. mRNA extracted from 10 controls, 10 CRSsNP, and 19 CRSwNP patients was 

assessed for expression of MT1a, MT2a, MT3, ZIP1, ZIP2, ZIP14, ZnT1, ZnT4 (Figure 14). 

Metallothionein (MT1a, MT2a, and MT3) mRNA expression was differentially down 
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regulated in CRS patients. MT1a and MT2a were down regulated in CRSsNP patients 

compared to controls (fold changes of 0.179 (p<0.05) and 0.316 (p<0.05) for MT1a and 

MT2a respectively). MT3 was down regulated in CRSwNP compared to controls (fold 

change 0.269; p<0.05). MT2a expression in CRSsNP patients was 0.165 fold lower than 

in CRSwNP patients (p<0.001). Zinc uptake transporter (ZIP1, ZIP2, and ZIP14) gene 

expression was significantly reduced in CRSsNP patients compared to controls. Fold 

change values for ZIP1, ZIP2, and ZIP14 were 0.420 (p<0.05), 0.438 (p<0.05), and 0.583 

(p<0.05) respectively. Fold change values for CRSsNP compared to CRSwNP were 

significant for ZIP1 of 0.357 (p<0.001), and ZIP14 of 0.475 (p<0.001). Zinc efflux 

transporter ZnT1 was significantly up regulated in CRSsNP patients compared to both 

controls and CRSwNP, with fold changes of 2.281 (p<0.001) and 1.687 (p<0.05). No 

difference was observed in the relative gene expression of ZnT4. Correlations between 

zinc transporter gene expressions were analysed by patient phenotype and overall using 

the nonparametric Spearman rank correlation test. Results show some genes such as 

(ZIP14 and MT1a) and (ZIP14 and ZnT4) to significantly correlate across all CRS 

phenotypes whilst others such as (MT2a and MT3) and (MT3 and ZnT4) to correlate 

only in CRSwNP patients (Supplemental Table S2). 
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Figure 14. MT1a, MT2a, ZIP1, ZIP2, and ZIP14 are downregulated in CRSsNP, while ZnT1 is 
upregulated. MT3 is downregulated in CRSwNP. 

qPCR analysis of sinus samples from controls (n=10), CRSsNP (n=10), and CRSwNP (n=19) patients. The 

box represents the median (2^-Ct) and the interquartile range, the whiskers represent minimum and 

maximum values. () P<0.05; () P<0.001; (Kruskal-Wallis analysis with Dunn’s test for multiple 
comparisons). 
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Labile zinc and apical tight junction protein ZO-1 expression were diminished 

in CRSwNP tissue 

We next wanted to identify whether levels of epithelial labile zinc and apically located 

ZO-1 were different between controls, CRSsNP and CRSwNP, using a tissue microarray 

including samples from 35 patients (7 controls, 9 CRSsNP, and 19 CRSwNP). Reductions 

in the epithelial labile zinc and ZO-1 distribution were seen in tissue samples from 

CRSwNP patients (Figure 15). CRSsNP tissue samples appeared to retain uniform ZO-1 

protein expression linearly across the apical border with intermittent interruptions 

(Figure 16E). CRSwNP patients showed similar ZO-1 immunolocalisation albeit lower 

intensity throughout the epithelium (Figure 16H). Zinquin staining, assessing labile zinc 

levels, appeared less intense in CRSwNP compared to controls (Figures 16D & 16G). In 

the image channel overlay, in control patients, there appeared to be co-localisation of 

labile zinc and ZO-1, however zinc levels were high throughout the entire epithelium, 

evidenced by intense Zinquin staining (Figure 16C). To identify relative differences 

between the patient groups we quantified the fluorescence intensity of each channel in 

the epithelial samples (Supplemental Figure S4). Consistent with previous research 

identifying decreased total zinc concentrations in CRSwNP polyp tissue,438 we found 

that loosely bound labile zinc levels were decreased in CRSwNP epithelium (p<0.05) 

(Figure 15A). In addition, apical ZO-1 protein expression was diminished in CRSwNP 

compared to both controls (p<0.01) and CRSsNP (p<0.05) (Figure 15B). Furthermore, 

relative intensities from labile zinc and apical ZO-1 were significantly correlated 

(R=0.44, p<0.01) (Figure 15C). 
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Figure 15. Quantification of labile Zn2+ and ZO-1 in the sinonasal epithelium of control, 
CRSsNP, and CRSwNP patients. 

(A) Zn2+ fluorescent mean intensities were calculated from an epithelial region of interest (ROI) of each 
sample; the apical third of this ROI was measured for ZO-1 fluorescent mean intensities (B). Data 

represents means (n=35) (SD), () p<0.05, () p<0.01, (Kruskal-Wallis analysis with Dunn’s test for 
multiple comparisons). (C) Correlations between labile Zn2+ and apical ZO-1 were evaluated using the 

nonparametric Spearman rank correlation coefficient. 
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Figure 16. Labile Zn2+ and ZO-1 are reduced in sinonasal epithelium of Chronic Rhinosinusitis 
patients.  

Tissue microarray sections were stained for labile Zn2+ in blue (A, D, G) and ZO-1 in green (B, E, H). An 
overlay image was generated (C, F, I). Representative images of control (A, B, C), CRSsNP (D, E, F), and 

CRSwNP (G, H, I) patient tissue samples.  

 

Serum zinc concentrations are not reduced in CRSsNP or CRSwNP 

To assess whether the local reductions in mucosal zinc are a result of systemic deficiency 

we analysed serum from controls, CRSsNP, and CRSwNP. Mean zinc concentrations of 

for controls, CRSsNP, and CRSwNP were 13.1 (5.4), 11.6 (2.5), and 13.31 (5.4) mol/L 
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respectively and not statistically significant (Supplemental Figure S5). Additionally, 

there was no correlation between matched serum zinc and labile tissue zinc 

measurements; r=0.36 (p>0.05). 

 

Zinc depletion impairs barrier function in developing primary HNEC-ALI 

cultures 

To model the effect of local zinc deprivation on the sinonasal mucosal barrier we used 

HNEC-ALI cultures that were grown in zinc depleted media for 2 weeks. TEER and Papp 

were measured at 3 time points over 15 days. Zinc depletion in-vitro caused a statistically 

significant reduction in TEER compared to the control at 10 and 15 days (approximately 

45% of the control at 15 days) (Figure 17A). TEER in ZD HNEC-ALI cultures compared 

to the matched control at 5, 10, and 15 days were 125.5% (27.13; p=0.1783), 70.07% 

(2.173; p<0.0001), and 44.72% (21.08, p=0.0105) respectively. The difference in ZD 

HNEC-ALI culture TEER between days 5, 10, and 15 showed a significant reduction from 

day 5 to 10 (mean reduction 55.48%; p=0.0242), and day 5 to 15 (mean reduction 

80.83%, p=0.0152). To assess the effects on Papp a fluorescein-conjugated 4kDa dextran 

was used to assess flux across the barrier. The comparative fold change means in Papp 

at days 5, 10, and 15 were 1.052 (0.4505), 3.522 (2.942), and 4.163 (2.622; p=0.0524) 

respectively. Whilst an increase in mean Papp in ZD samples was seen at days 10 and 15, 

the difference with controls was not statistically significant (Figure 17B). The reduction 

in TEER coupled with a trend to increased molecular flux suggests that paracellular 

permeability of ALI cultures is increased when intracellular zinc levels are depleted. 
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Figure 17. Zinc depletion decreased barrier function of human nasal epithelial cell cultures. 

ALI cultures were grown with control cell media or zinc deplete (ZD) media for 15 days. Measurements 
of TEER (A) and Papp (B) were taken at 5, 10, and 15 days after initiation of air liquid interface culture. 

(A) Zinc depletion resulted in a time dependent decrease in TEER. Results are expressed as a percentage 
change compared to the control (ZD TEER/ Control TEER) * 100 (mean SD) (n=3; p<0.05, unpaired t-

test). () comparison between control and ZD groups, and () comparison between days 5, 10 and 15 of 
ZD conditions. (B) FITC Dextran permeability shows an increase in mean flux across the cell barrier, 

however not statistically significant. 

 

Zinc deficiency induces alterations in tight junction formation and intracellular 

labile zinc in HNEC- ALI cultures 

To assess the effect of zinc depletion in the medium on intracellular zinc levels and TJ 

structures we performed immunofluorescence staining of the tight junction protein ZO-

1 and determined intracellular labile zinc levels in control and ZD HNEC-ALI cultures 

(Figure 18). At day 5, there was a subtle reduction in intracellular zinc in ZD samples 

compared to controls, however TJ proteins remained localised to the cell peripheries 

(Figure 18D). ZD cultures at day 10 showed a faint intracellular zinc signal (Figure 18E). 

ZO-1 staining at day 10 was still localised to the periphery of the cell, however there was 

a diffuse cytoplasmic ZO-1 signal and widening at the cell peripheries. At day 15, the ZD 
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cultures were completely depleted of labile zinc with profound disruption of ZO-1 

continuity at the cell peripheries (Figure 18F). 

 

Figure 18. Zinc deficiency causes alterations to tight junction ZO-1 localisation and reduction in 
intracellular labile zinc. 

Immunofluorescence of ZO-1 (green) localisation and labile zinc (blue) was assessed in control (A, B, 
and C) and zinc deplete (D, E, and F) ALI cultures at 5 (A, D), 10 (B, E), and 15 (C, F) days. Images taken 

with 20x objective power using a confocal laser scanning microscope (ALI, n=3). 

 

Inflammatory cytokine production in ZD HNEC-ALI cultures 

Cytokine production was measured in the cell culture supernatant at days 5, 10, and 15 

of exposure to either zinc deplete media or control media. IL-1, IL-2, IL-4, IL-5, IL-13, 

and IFN- were all below the lower limit of assay quantitation. IL-6, IL-8, IL-10 and TNF-

 were within the limits of quantitation. Zinc depleted cells increased the mean 

production of IL-8 and TNF- at day 15, compared to control, however, this was not 

statistically significant (Supplemental Figure S6).  
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Discussion 

Our present work showed that zinc homeostasis is altered in chronic rhinosinusitis 

mucosa and that intramucosal zinc depletion negatively affects mucosal barrier 

structure and function. Prior work has focused on how zinc regulates airway epithelial 

apoptosis and allergic inflammation512,513 however, whether zinc homeostasis is changed 

in CRS and how this affects barrier function is unknown. We found that the sinonasal 

epithelium from CRSwNP patients showed decreased labile zinc levels in correlation 

with low apical ZO-1 levels. Moreover, in-vitro depletion of zinc in HNEC-ALI cultures 

identified zinc as an essential requirement for normal functioning of the TJ complex via 

ZO-1. Together, these findings suggest that mucosal zinc deficiency may contribute to 

the defective epithelial barrier in CRSwNP. The role of zinc in barrier function is well 

recognised in the gastrointestinal (GI) mucosa where zinc deprivation and 

supplementation affects the GI barrier by modifying TJ proteins.514 ZD CACO-2 cells 

exhibit significant barrier defects,282 and ZD conditions increased the susceptibility to 

bacteria induced barrier dysfunction.241,515 In agreement with our finding of a decreased 

ZO-1 immunoreactivity in CRSwNP patients compared to controls, previous studies have 

likewise observed that the CRSwNP barrier is disrupted, and have suggested that Th2 

and Th17 cytokines are contributing factors.20,323,454 Zinc availability has important 

implications on the regulation of cytokine production in different cell types. In 

particular zinc deprivation has been shown to reduce IFN- and IL-2 production from 

Th0/Th1 polarised T cell lines, whilst TNF-, IL-1, and IL-8 are increased in a ZD 

monocyte-macrophage cell line.516 Whilst not significant, our findings also support an 

increased secretion of IL-8 and TNF- in ZD HNECs. 

To elucidate the role of zinc transporter genes in CRS phenotypes we conducted a gene 

expression panel of ZIP, ZnT, and MT families in CRS patients and controls. ZIP, MT, 
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and ZnT transporters have been identified in airway epithelium, however there is no 

previous description of their expression in sinonasal epithelium.517,518 The coordination 

of zinc homeostasis and the physiological consequences of zinc transporter alterations 

are seemingly complex and not entirely understood. The ZIP family is implicated in zinc 

transport into the cytoplasmic compartment.519 ZIP1 and ZIP2, showing decreased 

expression in CRSsNP patients compared to controls, facilitate zinc uptake through the 

plasma membrane and ZIP14 may also play a role in cellular uptake of iron and 

manganese.519,520 ZnT1, overexpressed in CRSsNP patients compared to controls, 

localises to the plasma membrane regulating cellular zinc efflux and detoxification. ZnT1 

is also highly inducible during an over supply of zinc.521 MTs, also differentially 

expressed in CRS patients compared to controls, have a broad range of functions 

including regulation of intracellular metals (zinc, copper, cadmium), anti-oxidant 

properties, and cellular apoptosis.444,522 In this study, whilst zinc transporter genes and 

MTs were differentially expressed in CRSsNP patient tissue samples, labile zinc levels 

within the epithelium layer did not appear to be altered in CRSsNP compared to 

controls. The aetiology and specific cell types involved in these gene expression 

alterations are unclear, but indicate an imbalance in the zinc homeostasis mechanisms 

in these patients. 

Expression of MT3 was significantly downregulated in CRSwNP patients. Similar to MT1 

and MT2, MT3 has metal binding properties.523 In addition, MT3 has potential 

antioxidant activities by scavenging Reactive Oxygen Species (ROS) during 

inflammatory processes.448 Deficiency of MT3 may impair the function of intracellular 

lysosomes and the autophagy process.449 This could be particularly detrimental in 

CRSwNP where intracellular pathogens are found more frequently.95,524 Future studies 
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will be needed to identify how local zinc supply alters zinc transporter protein 

expression and how Th1 and Th2 inflammatory states influence zinc homeostasis. 
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Supplementary Information 

Supplementary results 

Supplemental Table S2. Correlation between zinc transporter gene expression. 

Correlations between zinc transporter gene expressions. Analysed by patient phenotype and overall. 
Correlations were evaluated using the nonparametric Spearman rank correlation coefficient, reported as 

the (r) value. () p<0.05, () p<0.01, () p<0.001, () p<0.0001. 

Group (n) MT2a MT3 ZIP1 ZIP2 ZIP14 ZnT1 ZnT4 

MT1a (39) 0.738**** 0.108 0.423** 0.2 0.725**** -0.198 0.344* 

Control (10) 0.054 -7.28x10-5 0.675* 0.682* 0.833** 0.436 0.870** 

CRSsNP (10) 0.063 -0.035 0.581 0.180 0.679* 0.434 0.277 

CRSwNP (19) 0.831**** 0.394 0.214 -0.073 0.727*** 0.102 0.566 

MT2a (39)  0.059 0.455** 0.127 0.509*** -0.078 0.332* 

Control (10)  0.282 0.074 -0.053 -0.065 0.243 0.128 

CRSsNP (10)  0.269 -0.363 -0.268 -0.301 -0.163 -0.264 

CRSwNP (19)  0.608** 0.258 0.046 0.431 0.234 0.656** 

MT3 (39)   -0.056 0.001 -0.156 0.114 -0.085 

Control (10)   0.502 0.154 -0.237 0.827** 0.0228 

CRSsNP (10)   -0.137 -0.438 -0.564 -0.0107 -0.440 

CRSwNP (19)   0.303 0.146 0.288 0.211 0.522* 

ZIP1 (39)    0.451** 0.649**** -0.292 0.040 

Control (10)    0.615 0.553 0.818** 0.818** 

CRSsNP (10)    0.745* 0.749* 0.725* 0.587 

CRSwNP (19)    0.271 0.485* 0.605** 0.294 

ZIP2 (39)     0.189 0.031 0.27 

Control (10)     0.325 0.424 0.64* 

CRSsNP (10)     -0.034 0.362 0.366 

CRSwNP (19)     0.520 0.516* 0.386 

ZIP14 (39)      -0.165 0.346* 

Control (10)      0.146 0.848** 

CRSsNP (10)      0.721* 0.782** 

CRSwNP (19)      0.113 0.461* 

ZnT1 (39)       0.526*** 

Control (10)       0.462 

CRSsNP (10)       0.795** 

CRSwNP (19)       0.359 
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Supplemental Figure S5. Labile Zn2+ and ZO-1 were quantified in tissue microarray sections.  

Example of a region of interest (ROI) made around the epithelium for labile Zn2+ relative quantification, 
and a second ROI identifying the apical third of the epithelium was added for ZO-1 relative 

quantification. 
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Supplemental Figure S6. Serum zinc concentrations in controls, CRSsNP, and CRSwNP show 
that systemic zinc is not depleted. 

Serum analysis from serum collected at the time of tissue samples during endoscopic sinus surgery. 

Results are expressed in mol/L (SD). n=14 (Controls 5, CRSsNP 5, CRSwNP 4).  

 

 

Supplemental Figure S7. HNEC-ALI IL-6, IL-8, IL-10, and TNF- cytokine production show 
increasing trends with cumulative days in cultured zinc deplete media. 

Bio-Plex assay results from cell culture supernatant at day 5, 10, and 15 grown with zinc deplete media or 
control media. Results are expressed in pg/ml. Lower limit of quantitation (LLOQ).  
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Letter to the Editor 

To the Editor: 

Recent investigation into the mucosal barrier function in CRS has shown that TJ 

genes/proteins are down regulated, particularly in CRSwNP.20,198 Whilst some cytokines 

and bacterial products have been shown to disrupt mucosal barrier structure and 

function,19,454 little is known about the contributing and mechanistic factors leading to 

a dysfunctional barrier in CRS. Zinc is an essential trace element involved in aspects of 

immune system regulation, barrier function, healing, and cellular functions.432,514 Local 

zinc deficiency induced barrier dysfunction has been implicated in chronic 

inflammatory disorders such as gastritis and inflammatory bowel disease.514 Previous 

studies have indicated that zinc levels are lower in CRSwNP tissue than control 

mucosa.438,439 However, both reports utilised spectrophotometry on homogenised 

specimens, which does not allow for analysis of mucosal zinc distribution. It remains 

unclear whether zinc homeostasis is altered in CRS patients and whether zinc levels may 

influence the TJ barrier function in CRS. 

To identify cell types exhibiting altered labile zinc levels in relation to markers of 

mucosal barrier structure we used a tissue microarray comprising tissue cores from 35 

patients, including 7 controls, 9 CRSsNP, and 19 CRSwNP. Specimens were stained with 

anti-ZO-1 antibodies and the zinc fluorophore Zinquin (Figure 16). Details of materials 

and methods, and patient demographic data (Table 9) are found in this article’s Online 

Repository. Zinc levels and ZO-1 staining were high and uniform throughout the entire 

epithelium in controls. To identify relative differences between the patient groups we 

quantified the fluorescence intensity of each channel in the epithelial samples 

(Supplemental Figure S4). Consistent with previous research,438,439 we found that labile 

zinc levels were significantly decreased in CRSwNP epithelium compared to controls 
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(p<0.05) (Figure 15). Apical ZO-1 protein expression was diminished in CRSwNP 

compared to both controls and CRSsNP (p<0.05) (Figure 15). Furthermore, relative 

intensities from labile zinc and apical ZO-1 were significantly correlated (r=0.44, p<0.01) 

(Figure 15). Patient serum zinc concentrations were also measured and showed no 

significant difference between controls and CRS groups (Supplemental Figure S5). 

To model the effect of local zinc deprivation on the sinonasal mucosal barrier we used 

HNEC-ALI cultures that were grown in zinc deplete media for 2 weeks. TEER and Papp 

were measured at 5, 10, and 15 days (Figure 17). Zinc deficient (ZD) in-vitro conditions 

caused a statistically significant reduction in TEER compared to the control at 10 and 15 

days (approximately 45% of the control at 15 days) (Figure 17). TEER in ZD HNEC-ALI 

cultures compared to the matched control at 5, 10, and 15 days were 125.5% (27.13; 

p=0.1783), 70.07% (2.173; p<0.0001), and 44.72% (21.08, p<0.05) respectively. The 

TEER difference in ZD cultures between days 5, 10, and 15 showed a significant reduction 

from day 5 to 10 (mean reduction 55.48%; p<0.05), and day 5 to 15 (mean reduction 

80.83%, p<0.05). To assess the effects on Papp a fluorescein-conjugated 4kDa dextran 

was used to assess flux across the barrier. The comparative fold change means in Papp 

at days 5, 10, and 15 were 1.052 (0.4505), 3.522 (2.942), and 4.163 (2.622; p=0.0524) 

respectively. Whilst an increase in mean Papp in ZD samples was seen at days 10 and 15, 

the difference with controls was not statistically significant. The reduction in TEER 

coupled with a trend to increased molecular flux suggests that paracellular permeability 

of ALI cultures is increased when intracellular zinc levels are depleted. To assess the 

effect of ZD on intracellular zinc and TJ structures we performed immunofluorescence 

staining of ZO-1 and intracellular labile zinc in HNEC-ALI cultures (Figure 18). Results 

showed a gradual decrease in intracellular zinc levels in ZD samples compared to 

controls accompanied by a redistribution of the ZO-1 immunolocalisation. At day 15, the 
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ZD cultures were completely depleted of labile zinc with profound disruption of ZO-1 

continuity at the cell peripheries. Additionally, cytokine production (see supporting 

information) was measured in the cell culture supernatant showing a non-significant 

mean increase in IL-8 and TNF- at day 15 in the ZD cultures (Supplemental Figure S6). 

These in-vitro findings suggest that zinc is essential for the maintenance of sinonasal TJ 

barrier function and ZO-1 localisation as it is in gastrointestinal cell lines.280 

To investigate the role of zinc in CRS, we evaluated the expression of zinc homeostasis 

genes in tissue harvested from 10 CRSsNP patients, 19 CRSwNP patients and 10 controls. 

Relative expression was determined by normalizing to the housekeeping genes beta-2 

microglobulin (B2M) and hypoxanthine-guanine phosphoribosyltransferase 1 (HRPT), 

expressed as fold change between groups. Metallothioneins MT1a and MT2a were down 

regulated in CRSsNP (p<0.05), while MT3 was down regulated in CRSwNP compared to 

controls (p<0.05). Zinc uptake transporter (ZIP1, ZIP2, and ZIP14) gene expression was 

significantly reduced in CRSsNP patients compared to controls (p<0.05). Zinc efflux 

transporter ZnT1 was significantly up regulated in CRSsNP patients compared to 

controls (p<0.001) (Figure 14). Correlations between zinc transporter gene expressions 

were analysed by patient phenotype and overall using the nonparametric Spearman rank 

correlation test. Results show some genes such as (ZIP14 and MT1a) and (ZIP14 and 

ZnT4) to significantly correlate across all CRS phenotypes whilst others such as (MT2a 

and MT3) and (MT3 and ZnT4) to correlate only in CRSwNP patients (Supplemental 

Table S2). The coordination of zinc homeostasis and the physiological consequences of 

zinc transporter alterations are seemingly complex and not entirely understood. The 

finding of a differential expression of zinc transporter genes in CRSsNP and CRSwNP 

compared to control indicates an imbalance or change in zinc homeostasis within the 

sinonasal mucosa in the context of CRS.  
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In conclusion, our present work showed that zinc homeostasis is altered in CRSwNP 

patient tissue, which is associated with decreased ZO-1 expression. In-vitro 

experimentation indicates that intramucosal zinc depletion negatively affects mucosal 

barrier structure and function. 
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Thesis Synopsis 

This thesis was started to investigate the potential airway barrier disrupting factors 

secreted by S. aureus. After review of the literature it became clear that although local 

bacterial factors are capable of mediating epithelial and mucosal barrier disruption, 

there are additional host factors that support barrier integrity. Thereafter, the study 

expanded to examine the mucosal barrier in CRS with a focus on zinc homeostasis.  

The first study was comprised of two major aims: proteomic analysis to identify and 

investigate candidate toxins and then a combination of several techniques to further 

characterise the barrier disrupting effects of a crude S. aureus supernatant (cell-free). 

Our prior work observed S. aureus barrier disruption in a HNEC-ALI culture model, 

hence this model was utilised in testing of the candidate toxins. A limitation of this 

model is that it does not lend itself to high throughput testing of toxins due to extended 

culturing times, needing TEER to measure barrier function, and a finite number of cell 

divisions in primary cultures. 

Analysis of protein identities in the crude supernatant revealed several candidate toxins 

for further investigation. Candidate toxins were selected based on: known barrier 

disrupting properties in non-sinonasal epithelial barriers, or significance to CRS. 

Considering this, we decided to firstly investigate HLA, SEA, and LTA.  

Our results showed that the purified toxins HLA, SEA, and LTA had no effect on HNEC-

ALI barrier function. This is interesting as the literature regarding other epithelial 

barriers found that HLA and LTA contribute to barrier disruption. SEA on the other 

hand is known to be produced by S. aureus strain ATCC 13565 used in our prior work,19 

and shares conserved regions with other staphylococcal enterotoxins including 
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SEB.525,526 As discussed in the literature review there is emerging evidence that SEB 

mediates airway barrier disruption in-vitro.  

We can only speculate on why the HNEC-ALI culture was unaffected by HLA. The 

purified HLA was obtained commercially, and hemolysis activity checked prior to 

experimentation. However, it is known that HLA binding affinities and cell cytotoxicity 

is known to differ between cell types and species. Previous studies demonstrated that 

rabbit erythrocytes are over 100 times more sensitive to HLA when compared to human 

erythrocytes.459 Further investigation on other human and murine cell lines showed 

cytotoxicity of several epithelial derived cells, however fibroblasts, neuroblasts, and 

granulocytes are intrinsically resistant.459,527 Recently host ADAM10 was shown to be 

necessary for cell binding cytotoxicity, and that cell lines expressing differential amounts 

of ADAM10 showed a correlation between receptor expression and binding.528 

Additionally, ADAM10 is essential for HLA mediated vascular endothelial cadherin 

disruption.346 Crombruggen et al., (2012) found that ADAM10 concentrations in 

CRSwNP tissue trended to be higher, although this was not statistically significant.529 

We did not confirm the expression of ADAM10 in the HNEC-ALI model, although this 

should be considered for future investigation of HLA. Furthermore, EV-associated HLA 

has been shown to be more pathogenic in-vitro and in-vivo.425,478 Intracellular EV 

delivery of HLA may represent a mechanism to bypass binding of surface proteins such 

as ADAM10. 

The second component of the initial paper further characterised the crude supernatant. 

We showed that both S. aureus ATTC strains 13565 and 25923 alter barrier function. 

ATCC 13565 ubiquitously produces the unknown factor, with the highest activity during 

the post-exponential phase. While barrier disrupting activity was only detectable from 

ATCC 25923 when supernatant was collected during the post-exponential phase. The 
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post-exponential bacterial growth phase is known to be a crucial point of toxin 

production.379,469 We next employed size fractionation using centrifugal size filters, 

which avoid the use of chemical precipitation/separation methods, as this may have 

introduced impurities or contamination not suitable for use in the HNEC-ALI model. 

This identified the barrier activity was confined to the >30 kDa fraction. Following this 

we observed heat and proteinase K treatment attenuated the barrier effect, which is 

highly suggestive of a protein mediated mechanism.  

The supernatant was further separated with differential ultracentrifugation, which is 

known to sediment/pellet EVs while leaving soluble protein suspended in the 

supernatant.474,530,531 Screening of the UC pelleted and supernatant fractions revealed 

the activity was restricted to the UC pellet fraction. Additionally, it seemed that barrier 

disrupting activity was enriched in the UC pellet fraction compared to whole 

supernatant (non-ultracentrifuged) when used in the same total protein concentration. 

Similar to our results, previous works have demonstrated that bacterial EVs can be 

degraded with heat and proteinase K, particularly if the targeted protein is incorporated 

in the EV membrane.254,429,477 It is possible that the responsible barrier factor is 

associated with the EV membrane. Ultimately further work needs to be completed to 

demonstrate the barrier disrupting factor is indeed due to EVs, and if so may represent 

a novel mechanism of S. aureus virulence for consideration in the context of CRS. 

With the knowledge that the initially tested toxins had no effect on barrier function, we 

next evaluated the activity of S. aureus extracellular proteases. Several extracellular 

proteases were identified in the proteomics analysis from the first study including V8 

protease, staphopain B, and the family of spl-like proteases (splA, splB, splC, splD, splE, 

splF). V8 protease has shown previous barrier altering properties in the epidermal 

literature, and the staphopain family were known to degrade lung elastin and 1-
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antichymotrypsin. Very little was known about the spl-like protease family when this 

study was conducted, however predicted protein targets included mucin proteins and 

olfactory receptors. Fortunately, we were able to collaborate with the research group 

responsible for the initial purification, and structural analysis of the spl-like proteases. 

We decided to add staphopain A to the evaluation due to its similarity with staphopain 

B, and exfoliative toxin A as it has potent epidermal barrier disruption properties. 

Our results showed that V8 protease is produced by the three S. aureus strains used in 

our previous work, and that V8 protease has a barrier disrupting effect. We observed a 

time and dose dependent effect on TEER and Papp when V8 was applied apically to 

HNEC-ALI cultures. This was coupled with a disruption of ZO-1 fluorescence staining 

and apparent increase in claudin-1 intensity. Staphopain A, staphopain B, exfoliative 

toxin A, and the spl-like proteases had no effect on barrier function. Unexpectedly, we 

also observed that V8 protease reduces IL-6 in HNEC-ALI supernatant. 

Early research recognised that V8 protease inactivates 1-antitrypsin by proteolytic 

cleavage.385 The cleaved 1-antitrypsin product was also seen to be a potent neutrophil 

chemoattractant, hence potentiating inflammation at the site of the V8 protease.385 A 

handful of studies have linked heterozygotic 1-antitrypsin deficiency with a higher risk 

of developing nasal polyposis, and single nucleotide polymorphisms (SNP) increasing 

susceptibility to severe CRSwNP.532–534 It is possible that colonisation with a V8 

producing S. aureus is an epigenetic contributor to CRS in susceptible people. V8 

protease cleaves the immunoglobulins IgG, IgM, IgA1 and IgA2 (secretory IgA), thus may 

impair antibody mediated phagocytosis.386 Additionally, the complement system is 

affected by S. aureus proteases (V8 protease, aureolysin, staphopain A, and staphopain 

B) by altering activation of both the classical and alternative complement pathways. V8 

protease inhibits the classical and alternative pathways at least by 70% and 50% 
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respectively, with aureolysin being even more effective. Conversely it was seen that both 

V8 protease and aureolysin non-specifically activate the C1 component and caused 

increased deposition of C1q on the commensal bacteria S. epidermidis.507 In-vivo murine 

infection with wild type, aureolysin, and V8 protease producing S. aureus strains was 

able to induce both a strong polyclonal B cell activation and a specific V8 neutralising 

antibody response.535 In a clinic setting V8 specific antibodies have been identified more 

frequently in persistent S. aureus nasal carriers, compared to non-carriers.536 

Extracellular V8 protease can alters the fibronectin binding phenotype of S. aureus by 

proteolytically cleaving cell surface fibronectin binding protein (FnBP).387 S. aureus 

adheres to host fibronectin through FnBP, which is maximally expressed during 

exponential growth phases and required for biofilm formation.537 The extracellular 

proteases are thought to precipitate release of bacteria from biofilm,387 which is induced 

by locally high cell density.379,384,387 Although we did not observe any barrier effect due 

to the spl-like proteases, it is possible that they may potentiate barrier dysfunction in 

vivo. Stentzel et al., (2016) demonstrated in-vivo induction of a Th2 inflammatory 

response due to SplD. Additionally, splD treatment of ex-vivo nasal polyp tissue leads to 

a strong IL-5, IL-17, and INF- response;403 IL-17, and INF- are both known to disrupt 

the airway barrier.20,323 

Our results showed V8 protease caused a reduction of IL-6 in the HNEC-ALI 

supernatant. Furthermore, incubation of V8 protease with purified IL-6 demonstrated a 

direct effect on IL-6 levels, as quantified by ELISA. Little is understood about the 

function of IL-6 in the sinonasal mucosa, although it appears to be essential in 

protection of gastrointestinal mucosa against microbial adhesion. Dann et al., (2008) 

found that IL-6 deficient mice were unable to control growth of gastrointestinal 

pathogens, and lead to increased bacterial attachment to mucosa.505 
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The combination of immune system alteration, biofilm regulation, and barrier 

disruption caused by V8 protease and the other S. aureus extracellular proteases 

highlights pathogenic mechanisms that could be implicated in CRS. 

It is unlikely that the barrier disrupting activity seen in the first study is entirely a result 

of V8 protease. We identified similar protease activity in three S. aureus strains, which 

have shown differential effects on barrier integrity (ATCC 13565 is seemingly the most 

potent). V8 protease is a 29 kDa, which may have passed through the 30 kDa centrifugal 

filters placing it in the 3-30 kDa fraction or extended across both fractions. V8 protease 

undergoes autodigestion when heated to temperatures between 40 – 65C, and other S. 

aureus glutamyl endopeptidases lose activity when heated above 55C.538,539 Whereas 

the first study identified that heating to 100C was necessary to diminish barrier 

disruption. Additionally, V8 protease is a highly conserved S. aureus protein and was 

not associated with S. aureus EVs in previous studies.423,424 There are no known 

inhibitors for V8 protease, hence this cannot be exploited to remove V8 activity from 

the crude supernatant. However, neutralizing antibodies are produced in-vivo and could 

be used in future work to isolate V8 activity from the remaining S. aureus supernatant.535 

The third study has revealed an important contribution to understanding the mucosal 

barrier integrity in CRS. Initially the gene expression of several zinc transporters was 

evaluated in tissue samples from control, CRSsNP, and CRSwNP patients. We found that 

zinc transporters were differentially expressed between CRSsNP and CRSwNP. This 

suggested that zinc homeostasis was indeed altered in CRS, however the complexities of 

zinc transporter functions in setting are still unknown. Future research will therefore 

expand this investigation to assess the protein expression and functional consequences 

of individual transporters.  
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Utilisation of an intracellular zinc fluorophore and TMA allowed us to examine mucosal 

zinc concentrations in a cohort of control, CRSsNP, and CRSwNP patients, and combine 

this with ZO-1 immunofluorescence. We reported that labile zinc and apically located 

ZO-1 were both significantly reduced in the mucosa of CRSwNP. ZO-1 is one the most 

commonly studied TJ proteins in the CRS literature,20,193,197,198 with results consistent 

with our own. Other studies have found that zinc levels are reduced in nasal polyp 

specimens, however this is the first to demonstrate this is localised to the epithelial layer. 

Additionally, the reduction in ZO-1 showed a significant correlation with mucosal zinc 

deficiency. Serum zinc levels were normal in the CRS cohort, suggesting that zinc 

deficiency is a local phenomenon. Furthermore, we confirmed that zinc is necessary for 

formation and function of TJs in HNEC-ALI cultures. It is unknown exactly how zinc 

supports barrier function, however the gastrointestinal literature suggests it may 

increase TJ phosphorylation, increase TJ protein expression, and simultaneously 

increase MT and reduce ZnT levels.280-282 The etiological factors in CRS local zinc 

deficiency is unknown. Interestingly, the S. aureus zinc acquisition systems were only 

recently discovered.540 Perhaps future work will elucidate the effects of Th1 and Th2 

inflammatory responses, and the role of S. aureus in mucosal zinc deficiency. 

The pathogenesis of CRS is complex and multifactorial, embracing a range of host, 

environment, and microbial factors. This thesis has provided novel insights into the role 

of the mucosal barrier in CRS. Firstly, we have identified S. aureus secreted factors that 

may have implications in mucosal barrier dysfunction. We have isolated a particularly 

potent barrier disrupting product using ultracentrifugation, implying that it may be 

incorporated into a S. aureus EV. Additionally, our work has demonstrated the role of 

zinc in CRS mucosal barrier integrity. With further investigation there is potential to 

elucidate the EV-associated proteins of S. aureus, with an aim to identify the causative 
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barrier disrupting product. Perhaps continued research will clarify the role of S. aureus 

V8 protease and EVs in the clinical setting of CRS. Optimistically, an improvement of 

the understanding of contributors to mucosal barrier disruption could result in targeted 

therapeutic options for CRS sufferers. 
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