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Biofilms are multicellular microbial aggregates that can be associated with host mucosal epithelia in the airway, gut, and genitourinary tract. The host environment plays a critical role in the establishment of these microbial communities in both health and disease. These host mucosal microenvironments however are distinct histologically, functionally, and regarding nutrient availability. This review discusses the specific mucosal epithelial microenvironments lining the airway, focusing on: i) biofilms in the human respiratory tract and the unique airway microenvironments that make it exquisitely suited to defend against infection, and ii) how airway pathophysiology and dysfunctional barrier/clearance mechanisms due to genetic mutations, damage, and inflammation contribute to biofilm infections. The host cellular responses to infection that contribute to resolution or exacerbation, and insights about evaluating and therapeutically targeting airway-associated biofilm infections are briefly discussed. Since so many studies have focused on Pseudomonas aeruginosa in the context of cystic fibrosis (CF) or on Haemophilus influenzae in the context of upper and lower respiratory diseases, these bacteria are used as examples. However, there are notable differences in diseased airway microenvironments and the unique pathophysiology specific to the bacterial pathogens themselves.
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The human airway epithelium

Breathing exposes the airway to microbes and microbial byproducts including many environmental pathogens as well as various opportunists from commensal oral and nasopharyngeal microbiota. The airway mucosal epithelium consists of structurally heterogeneous cell types, including stratified non-cornified squamous epithelium, which covers the pharyngeal and palatine surfaces in the oropharynx, ciliated pseudostratified columnar epithelium, simple columnar and cuboidal epithelium in bronchioles, and ending in the squamous alveolar epithelium, the exquisitely thin cellular interface that promotes gas exchange. The ciliated pseudostratified columnar epithelium or “respiratory epithelium” comprises most of the respiratory tract and is found in nasal passages, the middle ear, the trachea, and bronchi (Figure 1). The airway transports liters of air through the upper respiratory tract and conducting airways to the alveoli. Epithelial cells vitally function as a protective barrier against pathogens and irritants to avert infection, inflammation, and tissue injury. This barrier function is helped by mucus secreting goblet cells, which act in concert with ciliated cells to promote ciliary clearance by entrapping bacteria and particulates within the airway and expelling them via the mucociliary escalator. To maintain homeostasis, the airway must deliver oxygen to the systemic circulation despite the risk of microbes and irritants breaching the diverse physical, chemical, and host innate defense systems that have evolved to prevent their entry.




Figure 1 | Respiratory Epithelia. The respiratory epithelia include the nasal epithelium, nasopharynx, middle ear and eustachian tubes, oropharynx, and the pulmonary epithelium from the trachea to alveoli. Much of the respiratory epithelium is pseudostratified columnar epithelium, and unique to the airway, and quite distinct from other mucosal epithelia found in in the genitourinary and intestinal epithelium. Ciliated cells (purple/salmon) and goblet cells (GC), which secrete mucins (green) are found throughout the respiratory epithelium, while type 1 (red) and type II (cyan) alveolar epithelial cells are found in the distal airways. Created with BioRender.com.



Notably, the respiratory tract is mechanically dynamic (Hall-Stoodley et al., 2006b;  Gloag et al., 2018; Gloag et al., 2021). Substantial shear forces occur in the larger conducting airways (Levitsky, 1982), whereas the cells lining the alveoli in the terminal airways respond to micromechanical forces and shear from expansion and contraction that changes with lung tidal volume, i.e., bulging of the epithelium at low volumes and surface tensions (contraction) and stretching of the epithelium at higher tidal volumes (expansion) (Bachofen and Wilson, 1997). In the respiratory epithelium, mucociliary clearance is driven largely by cilia, however as the airways branch into smaller conducting pathways, the reduced airflow and shear leads to mucus effectively gliding along the epithelial surface (Boucher, 2019). In contrast, increased airflow and higher shear forces in the larger airways can lead to the breakdown of the cohesive forces of mucus to better facilitate sputum clearance by cough (Boucher, 2019). The airway physiology is therefore multifaceted with specific conditions such as oxygen tension, shear stress, and specialized cellular microenvironments, which act as a key interface for host-pathogen interactions.



Commonalities in the respiratory epithelial microenvironment

Mucus and cilia are key components comprising the mucociliary escalator in conducting airways. Ciliated cells are the dominant cell type of the human respiratory epithelium, which distinguishes primate airways from murine species where secretory cells predominate (Whitsett and Alenghat, 2015). Specifically, the cellular composition and organization of the intrapulmonary epithelium in mice is restricted to the most distal portions of human conducting airways, while the mouse trachea is much more comparable to of the human lung (Rock et al., 2010). These differences may account for a shortcoming of many mouse models to recapitulate chronic bacterial respiratory infections with biofilm-forming organisms without infecting preformed aggregated bacteria in an artificial matrix (Thomsen et al., 2021). Attached to the basal lamina, basal cells are present below the surface epithelium along the conducting airways. Basal cells act as progenitors of both ciliated cells and secretory (goblet cells) and play a critical role in homeostasis and regenerating the airway epithelium following infection or injury (Whitsett, 2018). Basal cells and the regulatory cascades responsible for repair and regeneration in the conducting airway epithelium are also distinct (Reynolds et al., 2008; Ghosh et al., 2011; Ghosh et al., 2013). The pseudostratified epithelium of the tracheobronchial airways contains multiple progenitor cell populations that are discrete compared to the subpopulations in simple epithelium of bronchioles (Hong et al., 2004;  Ghosh et al., 2011; Whitsett, 2018) and these tracheobronchial subpopulations, which function in homeostasis, are heterogeneous in vivo. Club cells constitute approximately a fifth of cells found in terminal and respiratory bronchioles and are a primary secretory cell in the human small airway epithelium (Dean and Snelgrove, 2018). Club cells produce secretory surfactants (surfactant proteins A, B, and D) and proteins that contribute to the airway epithelial lining fluid (Harkema et al., 2018). As club cells also can serve as progenitor cells for ciliated and secretory epithelial cells, they too play a role in airway cellular homeostasis. These specialized cells make up the cellular components of mucociliary defense in the respiratory airway. Goblet, basal, and club cells secrete fluids and host-defense proteins into the airway lumen and ciliated cells propel the mucus so that it can be eliminated in the respiratory tract.

In the conducting airways several host defense molecules are involved in the protection of airway homeostasis. These include defensins, lysozyme, lactoferrin, (Singh et al., 2002; Rogan et al., 2004), LL-37 (the sole cathelicidin found in human airways) (Overhage et al., 2008; Sibila et al., 2019), and short-palate lung and nasal epithelial clone 1 (SPLUNC1), which is a multifunctional innate defense protein. Surfactant proteins SP-A and SP-D, which also play an important role in innate immunity, are also produced in the lower airway by type II alveolar epithelial cells (Ferguson and Schlesinger, 2000; Crowther and Schlesinger, 2006; Hall-Stoodley et al., 2006b). Surfactant proteins can facilitate bacterial aggregation and act as opsonins that may promote phagoctytosis. SPLUNC1 for example found in the conducting airways and upper respiratory tract has been shown to affect biofilm formation by P. aeruginosa (Liu et al., 2013). Studies in SPLUNC1 KO mice indicate that the absence of this molecule led to suppression of several epithelial secretory proteins and antimicrobial molecules that affected mucociliary clearance, decreased the innate immune response, and increased biofilm formation by P. aeruginosa. At physiologically relevant concentrations, purified recombinant human SPLUNC was shown to enhance the surfactant function of airway secretions and anti-biofilm activity against P. aeruginosa (Gakhar et al., 2010). While knock down of SPLUNC1 failed to impact survival of NTHi in the chinchilla model of otitis media, it was essential for maintenance of middle ear pressure and efficient mucociliary clearance (McGillivary and Bakaletz, 2010). Nitric oxide (NO) is a signaling molecule that is produced by epithelial cells and other cells in the respiratory tract that has been shown to induce biofilm dispersal with multiple bacteria (Allan et al., 2016; Römling, 2019; Allan et al., 2017; Collins et al., 2017; Walker et al., 2014; Walker et al., 2017; Howlin et al., 2017). However, NO has complex roles in bacteria, including the production of oxygen by denitrification in P. aeruginosa at the onset of anaerobiosis, which might affect its adaptation under anoxic conditions (Lichtenberg et al., 2021). Airway defense molecules thus are regulated by exposure to pathogens and their byproducts (such as LPS), by cytokines from the airway tissue microenvironment, and by underlying lung disease (Walker et al., 2014; Whitsett and Alenghat, 2015; Walker et al., 2017; Tecle et al., 2010; Kim et al., 2018).

Secretory immunoglobulin A (S-IgA) produced by plasma (immunoglobulin secreting cells) lining the airway epithelium is the major immunoglobulin component of human mucosal surfaces and contributes to preventing pathogen adherence and promoting clearance in the airway. While less studied in the respiratory tract compared to the gut mucosa, IgA appears to be important in homeostasis and controlling inflammation (Sánchez Montalvo et al., 2022). IgA is produced as a dimer and transcytosed from the basal epithelial side to the apical surface by the polymeric immunoglobulin receptor (pIgR) to form S-IgA, which functions to neutralize many viral pathogens and some bacteria and with airway mucus play a role in agglutinating microorganisms (Gohy et al., 2014; de Fays et al., 2022). Ciliated, goblet cells, and club cells express pIgR and importantly mucosal S-Ig-A is altered in both upper and lower airway diseases (de Fays et al., 2022).

Mucus is a vital component of the respiratory epithelium. Studies using differentiated human bronchial epithelial (HBE) cell cultures suggest the airway mucus layer is suspended above a periciliary layer (PCL) by mucins and mucopolysaccharides that span the airway surface epithelial cells. This “gel-on-brush” model indicates that mucus forms a gel-like layer that can entrap particles yet allows small molecules to infiltrate the PCL (Button et al., 2012; Hill et al., 2022). This model indicates the PCL is not a liquid stratum, but rather functions as a macromolecular gel mesh, conducive for ciliary beating, that can also prevent bacteria and large virus particles from efficiently accessing the epithelial cell surface (Figure 2). Importantly, this periciliary hydrogel consists of mucins, MUC1, MUC4, and MUC16, which are tethered to epithelial cell surface and cilia. Both hydrogel strata generate an osmotic microenvironment defined by an osmotic modulus, which regulates hydration by varying the concentration of macromolecules. In health, the higher differential osmotic pressure of the PCL enables it to sufficiently bathe the airway epithelial surface and promote efficient ciliary beating and transport of the overlying mucus hydrogel compartment (Boucher, 2019). In disease however, high osmotic moduli either due to the increased concentration of mucins, which can occur in COPD, or decreased hydration, which occurs in CF, lead to compression of the PCL brush (Morrison et al., 2022). These changes in differential osmotic pressure can functionally compromise underlying cilia in their ability to promote effective mucociliary clearance.




Figure 2 | Gel-on-Brush model of the respiratory epithelial mucus clearance system. The Gel-on-Brush representation best describes the cell biology of two layers depicting the ASL and the biophysical interactions between these layers that control mucus clearance. This model is consistent with data showing that the ASL is comprised of two hydrogel layers that limit penetration of particles and bacteria into the periciliary liquid (PCL) overlying the epithelial cells. PCL contains membrane-spanning mucin glycoproteins and large mucopolysaccharides that may be tethered to cilia and the epithelial surface or secreted by goblet cells (inset). Mucin subunits form larger macromonomer chains in the mucus layer. Tethered mucins (not depicted in this schematic) form an extracellular brush resulting in a mesh-like hydrogel that prevents large macromolecules (both MUC5AC/B mucins) in the mucus layer and inhaled bacteria encountering the airway surface from penetrating the PCL. The higher concentration of membrane-tethered macromolecules in the extracellular brush layer produces inter-molecular repulsion within the PCL to ensure that the PCL is not compressed by the osmotically dynamic mucus layer. Notably, the stability of the PCL forms the distinct mucus layer necessary for effective mucus clearance (arrow), while dehydration destabilizes the two-layer system and compromises clearance. (Wagner et al., 2018; Hill et al., 2022). Created with BioRender.com.



Hydrated glycosylated protein mucins can be divided into three types; cell-associated mucins, which are anchored to the epithelial cell surface, non-polymerizing secreted mucins, and gel-forming mucins (Whitsett, 2018). The airway mucus hydrogel above the PCL primarily contains the respiratory mucins MUC5AC and MUC5B. These relatively large glycopeptides are found in mucus associated with the middle ear, nasal, and lung mucosal epithelium forming the polymeric structure of the hydrogel-like mesh (Boucher, 2019). MUC5B is thought to be constitutively produced and the dominant mucin by concentration, whereas MUC5AC is induced by external stresses such as irritants and infection (Collin et al., 2021). Interestingly, while agglutination and entrapping microbes may appear to be passive, native mucins play a recently described active role in a robust barrier function of healthy mucus. This gel lattice can actively reduce bacterial adherence, disrupt bacterial aggregation, bind to host defense proteins, and suppress virulence in several pathogens (Wheeler, 2019) and inhibits large numbers of pathogens from reaching the epithelial cell surface and breaching the mucus airway barrier. Studies with the gel-forming constituents of mucus and the opportunistic pathogens P. aeruginosa and Candida albicans have shown that mucus profoundly affected motility, intracellular signaling, and suppressed the expression of virulence traits including surface attachment, biofilm formation, and horizontal gene transfer (Wheeler et al., 2019). In this regard mucins in the healthy airways function much more than simply a passive physical barrier that eradicates pathogens by the mucociliary escalator.

Studies that have examined the components of mucus and their biophysical or mechanical properties are leading to a further important understanding of how a disease microenvironment can be modulated (Wagner et al., 2018). Rheological studies of the mechanical properties of mucus have produced further insights into the protective barrier function. Inasmuch as mucus has properties of both a liquid and a gel, mechanically it is defined as a viscoelastic solid (Lai et al., 2009). Under conditions of low shear, mucus behaves like an elastic solid that can regain its shape over time, whereas under conditions of high shear, mucus behaves like a viscous liquid that can irreversibly deform. Thus, mucus is elastic at physiological shear rates in the upper airways, which preserves the structure of the mucus lattice network, and nasal mucus is more viscoelastic than mucus from the large airways, underlining the importance of the anatomical microenvironment (Lai et al., 2009). These biophysical properties are important in effecting the release and expulsion of mucus by mucociliary clearance or cough. For an excellent comprehensive overview of human airway mucus see (Hill et al., 2022).



Biofilm aggregates – attached or not – display antibiotic tolerance

Interestingly, both facets of the airway host-microbial interface employ multicellular strategies for survival and persistence. Biofilms are multicellular aggregated bacterial communities that are phenotypically distinct from single-celled (planktonic) bacteria. Bacterial aggregates are typically embedded in a matrix of extracellular polymeric substances (EPS) consisting of protein, carbohydrate, extracellular DNA (eDNA), and lipids (Limoli et al., 2015; Irie et al., 2012; Koo et al., 2017). Although eDNA can be self-produced by bacteria (Whitchurch, 2002; Allesen-Holm et al., 2006; Hall-Stoodley et al., 2008; Jurcisek et al., 2017), eDNA is also present in inflamed airways from host neutrophils and can be incorporated into the P. aeruginosa extracellular biofilm matrix (Moreau-Marquis et al., 2008; Walker, 2005; Jennings et al., 2021). In a microscopic study that included a CF lung tissue-section, host-derived eDNA was primarily found surrounding P. aeruginosa biofilms but not part of the bacterial biofilm matrix per se suggesting that in vivo host-derived eDNA may form a “secondary” matrix, which further impedes antibiotic penetration (Alhede et al., 2020a).

Biofilm-associated infections are common and can be found in airway diseases where they can resist host immune responses and antibiotic therapies. Although often cited for the ability of biofilms to persist in vivo, demonstrating pathogen-specific biofilm phenotypes ex vivo in clinical samples requires techniques that identify specific pathogens (Singh et al., 2000; Hall-Stoodley et al., 2006a; Bjarnsholt et al., 2009; Hall-Stoodley et al., 2012; Jennings et al., 2021). Numerous examples of bacterial aggregates adherent to underlying epithelial cells have been shown on ex vivo biopsies from upper airway infections, e.g., chronic otitis media and chronic sinusitis (Sanclement et al., 2005; Hall-Stoodley et al., 2006a; Sanderson et al., 2006; Foreman et al., 2009; Thornton et al., 2011; Thornton et al., 2013). In lower airway infections, such as CF pneumonia, studies with nonciliated small airway epithelial cells, such as A549 cells, indicate that P. aeruginosa and H. influenzae can adhere to epithelial cells (Chi et al., 1991; Häußler et al., 2003; Starner et al., 2006; Byrd et al., 2010). Bacterial aggregates are also found ex vivo suspended in the inspissated mucus layer, rather than directly adherent to the epithelial cell surface (Figure 3) (Worlitzsch et al., 2002; Bjarnsholt et al., 2009). Studies with differentiated human bronchial epithelial cells suggest that mucus helps to protect the underlying epithelial cell surface, where bacteria within the mucus hydrogel layer are subjected to biophysical properties that govern efficient mucus clearance (Gloag et al., 2018; Wheeler et al., 2019; Gloag et al., 2021) (discussed further below). Importantly, biofilm aggregates can occur independently of adherence to epithelial cells.




Figure 3 | The fate of bacteria in the airway.  (A) Normally airway surface liquid (ASL) (blue) and mucus (green) produced by secretory cells, bathe the epithelial surface and are swept along by ciliated cells, which contribute to mucociliary clearance (MCC) denoted by arrows.  (B) In inflammatory lung diseases or during infection that diminishes MCC (broken arrow), bacteria enter the airway (black arrow) and may colonize mucus, which becomes a niche for the development of biofilm aggregates.  Aggregated bacteria can clonally proliferate on the epithelial surface as in chronic otitis media, or form aggregates that are present in the bronchial epithelial secretions comprising sputum, as in cystic fibrosis lung infection. Biofilm aggregates may result from changes in ASL osmotic concentration and destabilization of the hydrogel layers (see Figure 2). Mucin glycans can play an important role in governing microbial interactions, such as in receptor binding sites for bacterial adhesion, biofilm formation, providing nutrient sources, and environmental signaling. (Wagner et al., 2018; Hill et al., 2022). Aggregates or single bacteria can propagate to other areas within the respiratory epithelium (blue wispy arrows), for example from the upper to the lower respiratory tract or can be cleared from the airway by cough (green arrow).



Regardless of whether they are adherent or suspended, the higher order multicellular organization of microbial aggregates can contain functionally diverse bacterial phenotypes including dormant or metabolically inactive cells that enhance the ability of bacteria to withstand diverse unfavorable environments, such as oxidative stress and antibiotic treatment (Boles et al., 2004; Hall-Stoodley et al., 2004; Boles and Singh, 2008; Koo et al., 2017; Crabbé et al., 2019; Stewart, 2015). Aggregates can exhibit greater fitness due to better access to nutrients than single cells (Kragh et al., 2016). Crucially, aggregates can tolerate concentrations of antibiotic that exceed the minimum inhibitory or bactericidal concentrations required to eradicate bacteria (Singh et al., 2000; Fux et al., 2004; Alhede et al., 2011; Allan et al., 2016; Kragh et al., 2018; Clary, 2020). While the EPS matrix may not inhibit the penetration of antibiotics into the biofilm altogether, it can slow the rate of penetration enough to allow bacteria to upregulate and express genes that mediate resistance such as efflux pumps or β-lactamases (Jefferson et al., 2005; Stewart, 1996). For example, calculations of β-lactam antibiotic penetration indicated that a reaction-diffusion mechanism could explain the failure of these antibiotics to control biofilm infections (Stewart, 1996) and recent studies have shown that antimicrobial penetration times in biofilms differed over orders of magnitude due to reaction, absorption, and diffusion mechanisms, with reactive oxidants and cationic molecules associated with slower penetration (Stewart, 2015). The charge of polymers (Walters et al., 2003) and antibiotic-degrading enzymes such as β-lactamases present in the EPS matrix (Bagge et al., 2004; Armbruster et al., 2010) can lead to binding and/or deactivation of antibiotics. Dead cells within the biofilm can also attenuate antibiotic efficacy by binding antibiotics and diluting the stoichiometry of antibiotic molecules per cell (Mai-Prochnow et al., 2008). In the case of P. aeruginosa, anti-Pel and anti-Psl antibodies present in the airway bound to bacteria leading to biofilm aggregate formation accompanied by tobramycin tolerance (Colvin et al., 2011; Jennings et al., 2021; Morris et al., 2021). Aggregates also can harbor tolerant and “persister” bacterial sub-populations that can survive transient antibiotic therapy and subsequently regrow when treatment ends (Post, 2004; Conlon, 2013). Finally, aggregates can facilitate gene transfer of antimicrobial resistance genes. Bacteria in P. aeruginosa biofilms are competent for natural transformation of both genomic and plasmid DNA (Nolan et al., 2020) and biofilms can act as plasmid sinks, which can persist under non-selective conditions (Røder et al., 2021).

Notably, the physiological state of bacteria in biofilms crucially contributes to antimicrobial tolerance. The physiological heterogeneity of biofilm aggregates indicate that bacteria can be growing, stress-adapted, dormant, and metabolically active or inactive, all of which can impact antibiotic tolerance (Stewart, 2015; Crabbé et al., 2019). Interestingly, recent evidence suggests that while aggregated bacteria were present in acute as well as chronic infections in the lower respiratory tract, metabolic activity was more indicative of whether an infection was acute and presumably more treatable with antibiotics (Kolpen et al., 2022).

Common bacteria that infect the human airway and form biofilms include Streptococcus pneumoniae, Nontypeable Haemophilus influenzae (NTHi), Moraxella catarrhalis, Staphylococcus aureus, and Pseudomonas aeruginosa. These have been defined largely by traditional culture-based microbiological diagnosis. However, culture-independent methods proved important in showing that culture missed a majority of infections in chronic otitis media, which could be identified by PCR methods (Post et al., 2004; Hall-Stoodley et al., 2006a). Culture-independent methods have since revealed that the airway microbiota are highly complex showing both aerobic and non-aerobic bacteria and fungi by genomic analysis, and are contingent on the airway epithelial cell type, anatomical structure, age, and disease status (Filkins and O'Toole, 2015; Man et al., 2017; Caverly and LiPuma, 2018; Welp and Bomberger, 2020). Genomic approaches however can be extremely sensitive detecting microbial DNA that may no longer be present at sampling. Other bacteria that are recognized as true pathogens, particularly in CF, include Burkholderia cenocepacia and nontuberculous mycobacteria (NTM) such as Mycobacterium avium and Mycobacterium abscessus (Jones, 2019). NTM have emerged as pathogens of concern due to the need for prolonged antibiotic therapy with M. abscessus particularly worrisome due to its antibiotic recalcitrance, along with antibiotic resistant S. aureus and P. aeruginosa. Preceding viral infection can impact airway bacterial infection (Armbruster et al., 2020) by impairing mucociliary clearance (Pittet, 2010) as well as impacting nutritional immunity by sequestering iron (Hendricks et al., 2016). Viral infection also can promote biofilm development by P. aeruginosa by the release of extracellular vesicles secreted from airway epithelial cells during respiratory viral infection (Hendricks et al., 2021).



Upper respiratory tract infections involving biofilms - Chronic otitis media and chronic rhinosinusitis

It is unsurprising then that altered airway physiology and disrupted mucociliary clearance can predispose the host respiratory epithelial microenvironment to microbial aggregation. Otitis media, one of the most frequent illnesses in young children and the most common reason for antibiotic therapy or surgery in children in the US (Klein, 2000), is characterized by mucociliary dysfunction, blocked drainage of Eustachian tubes into the oropharynx, and defective clearance. While this occurs primarily in infants and young children due to immature facial-cranial anatomy, it is multifactorial (Bakaletz, 2010) and growing evidence suggests that preceding viral infection can play an important role (Brockson et al., 2012; Toone et al., 2020; Mokrzan et al., 2020; Kiedrowski and Bomberger, 2018; Hendricks et al., 2021). The middle ear epithelium consists of ciliated respiratory epithelial cells (Figure 1) and when mucociliary function is disrupted, bacteria in the normal oropharyngeal and nasopharyngeal microbiota can ascend the Eustachian tube to the middle ear mucosa (Bakaletz, 2010). The dominant bacterial opportunistic pathogens found in OM, S. pneumoniae, NTHi, and M. catarrhalis, typically fail to produce signs of infection or inflammation during colonization as commensal microbiota until compromising conditions result in bacterial access to the middle ear microenvironment. When middle ear mucosal biopsy samples recovered from children with either chronic or recurrent OM were evaluated using PCR of the effusion (if present), fluorescent in situ hybridization (FISH), and immunolabeling of bacteria together with confocal scanning laser microscopy (CSLM), S. pneumoniae, NTHi, and M. catarrhalis presented as biofilm aggregates on the middle ear mucosal epithelium of children with both OM with effusion and children with recurrent otitis media without effusion (Hall-Stoodley et al., 2006a). There was no evidence of adherent bacteria by 16S rRNA probes in non-OM biopsies. In contrast, further studies using both untargeted probes and pathogen-specific FISH probes demonstrated that OM-specific pathogens were found on the adenoid mucosal surface in both healthy and children with OM (Nistico et al., 2011).

In response to these bacterial otopathogens, middle ear epithelial cells produce predominantly gel-like mucins, MUC2, MUC5A, and MUC5B, which may be more effective in entrapping bacteria, but may also be more predisposed to blockage (Kershner et al., 2014). While MUC2 is a normal mucin of the gastrointestinal tract, it is associated with the airways in people with diseases such as CF and COPD. Infection leads to cytokine and mucin gene expression, inflammation, mucosal hyperplasia, effusion, and the infiltration of innate cells into the middle ear (Samuels et al., 2017). Mucin (MUC) gene polymorphism in children with chronic OM may also contribute to the inadequate host clearance of NTHi, S. pneumoniae and M. catarrhalis (Kerschner, 2007; Ubell et al., 2008).

In vivo studies using the chinchilla animal model of OM have demonstrated that NTHi infection can lead to large biofilm aggregates on the middle ear mucosa, mediated by type IV pili and extracellular DNA (Jurcisek and Bakaletz, 2007; Jurcisek et al., 2017; Novotny and Bakaletz, 2016). Importantly, this stagnant mucin-rich effusion can promote bacterial proliferation (Miyamoto and Bakaletz, 1996). Vaccination via a transcutaneous route in the chinchilla model increased NTHi-specific IgA in middle ear fluid and decreased NTHi biofilms (Novotny and Bakaletz, 2020). While M. catarrhalis also can be evaluated in chinchillas (Luke et al., 2007), S. pneumoniae is extremely virulent and biofilm infections are not easily interrogated in this animal model.

Chronic sinus infections similarly exhibit an abnormal accumulation of mucus associated with increased fluid pressure and dysfunctional drainage and clearance of mucus from the sinuses into the nasopharynx. Chronic rhinosinusitis (CRS) is a widespread infection of the upper airway affecting 11-13% of the general population in Europe and the US (Bose et al., 2016). CRS involves the mucosa lining the sinonasal cavity and is characterized by recurrent episodes of inflammation and chronic symptoms that include nasal obstruction, sinus pain, and rhinorrhea. The disease can manifest clinically as chronic rhinosinusitis without nasal polyps (CRSsNP) or with polyps (CRSwNP), which requires surgery. Several studies have evaluated CRS using endoscopic sinus surgery due to the persistent symptoms that can occur postoperatively (e.g., ongoing mucosal inflammation, and recurrent infections) and have provided evidence that bacterial biofilms play a role in the protracted mucosal inflammation in CRS (Sanderson et al., 2006; Psaltis et al., 2007; Sanclement et al., 2005; Prince et al., 2008; Foreman and Wormald, 2010; Singhal et al., 2010). Interestingly, different biofilm species are associated with different disease phenotypes. H. influenzae for example, is associated with patients with milder disease, while S. aureus was associated with more severe and recalcitrant disease (Prince et al., 2008; Foreman and Wormald, 2010; Singhal et al., 2011). S. aureus is an ubiquitous biofilm-forming pathogen that can asymptomatically colonize the upper respiratory tract and sinonasal cavities. In studies evaluating biopsy samples using FISH/CLSM and PCR from people with or without nasal polyps, surface-associated bacterial biofilm aggregates were present on 9/9 non-polypoidal sinonasal mucosa samples, including S aureus in 78%, H. influenzae in 33%, and P. aeruginosa in 33% of samples, but none of the non-CRS samples (Hayes et al., 2015). Interestingly In this study, S. aureus was not present on the epithelial surface of nasal polyps, but rather intracellularly in mast cells in the nasal epithelium. Follow-up studies with tissue explants indicated that S. aureus can be captured in extracellular traps and phagocytosed by mast cells and intracellular S. aureus promoted mast cell migration into the mucosal subepithelial layer, cell death, and the release of inflammatory mediators (Hayes et al., 2020). Notably, there is a high prevalence of CRS in individuals with CF and PCD, which may suggest a hereditary component together with multiple host genes that could further contribute to CRS (Bose et al., 2016).



Lower respiratory tract infections

In lower airway biofilm infections such as in people with cystic fibrosis (CF), primary ciliary dyskinesia (PCD), or chronic obstructive pulmonary disease (COPD), mucociliary clearance is impeded by heavy sticky mucus and reduced airway surface liquid, by immotile or dysfunctional cilia, and/or by damage to the respiratory epithelium. Increased mucus production by goblet cells is a common feature of CF, PCD, and COPD (Davis and Wypych, 2021). These diseases were recently characterized as “muco-obstructive lung diseases” by Boucher to better describe their clinical presentation of diffuse mucus obstruction, dilation of airway walls, prolonged inflammation, and recurrent infection (Boucher, 2019). Muco-obstructive diseases in the lung therefore arise from different pathophysiological mechanisms that can involve defective epithelial cilia motility, ion transport and fluid homeostasis, or mucin secretion that results in the accumulation and stasis of mucus in airway compartments, which is not cleared and provides a microenvironment for persistent airflow obstruction, inflammation, and infection. In the examples discussed below, this can provide a microenvironment for the growth of bacteria and development of biofilm aggregates.



Cystic fibrosis

CF is a life-threatening genetic disease more prevalent in people of European descent, although as improved molecular diagnostic methods identify CF, this disease is increasingly being found in non-European populations and in individuals with noncanonical presentations of CF and related disorders (Bell et al., 2020). Even with promising new therapeutic approaches to treat disease such as highly effective modulator therapy, a substantial population of people with CF (PwCF) continues to suffer considerable morbidity primarily due to lung infections with a select array of opportunistic pathogens (Cohen and Prince, 2012; Malhotra et al., 2019). CF is caused by mutations in the gene encoding the cystic fibrosis transmembrane conductance regulator (CFTR) ion channel, which transports chloride and bicarbonate to maintain osmotic balance across multiple epithelial surfaces. Mutations in CFTR can markedly disrupt the transport of chloride and bicarbonate into the airway epithelial lumen, which is normally counterbalanced by the epithelial sodium channel (ENac). Most mutations in CFTR result in increased water uptake by the epithelium together with dysregulated sodium reabsorption. In the lung this results in pathophysiology that leads to dehydration of the airway surface liquid (ASL), increased mucous viscosity, concomitant disruption of mucociliary clearance, mucus plugging or airway obstruction, inflammation, and infection that ultimately can decimate lung function (Matsui, 1998; Matsui et al., 2006; Cantin et al., 2015; Elborn, 2016; Malhotra et al., 2019). Studies also indicate that the ASL pH is lower in CF airways, which can lead to decreased host antimicrobial effectors in the airway (Pezzulo et al., 2012; Shah et al., 2016). Nonetheless, CF pathophysiology is multifactorial involving multiple deficits in host innate immunity and an airway microenvironment that is predisposed to hyperinflammation (for a comprehensive discussion of P. aeruginosa in CF see Malhotra et al., 2019). Histologically, large plugs of mucus, bacteria, and inflammatory cells can be present in CF airways along with hyperplasia of submucosal cells, which lead to chronic obstruction (Katkin, 2022). Thus, multiple deficits are present in the lungs of PwCF including decreased ciliary movement and mucus transport, decreased pH, abnormal sodium and chloride concentrations of the airway fluid, defective immune cell function by macrophages and neutrophils, and hyperinflammation (Cohen and Prince, 2012; Bruscia and Bonfield, 2016).

The secreted airway mucins (primarily MUC5AC, MUC5B) are extremely hydrophilic and create a reservoir whereby water is concentrated in the periciliary space to ensure that the ASL is sufficiently hydrated. CFTR plays a key role in providing the water necessary to balance the irrigation of the epithelial compartments by secreting chloride and directly or indirectly regulating sodium absorption. In CF changes to mucus viscoelasticity have been attributed to mucus hyper-secretion and changes to mucus composition, which impedes mucus clearance by both mucociliary clearance and cough clearance. Theoretical indices of the biophysical properties of mucus were developed that correlate viscoelastic properties of expectorated mucus with clearance to define predicted levels of clearance from the lung such as the mucociliary clearance index (MCI) and cough clearance index (CCI) (Lieleg et al., 2011; Gloag et al., 2018; Gloag et al., 2021). MCI predicts that elasticity of mucus correlated with improved mucociliary clearance by promoting efficient cilia beating (Lieleg et al., 2011; Zayas et al., 1990), while CCI predicts that mucus viscosity is correlated with improved clearance when the cohesive forces of the mucus gel are disrupted and expelled by cough (Zayas et al., 1990; Dasgupta and King, 1996).

Intriguingly, bacterial biofilms also display the biophysical characteristics of both viscoelastic solids and liquids (Peterson et al., 2015). Rheological analysis of biofilms indicated that mechanical stress can impact the microbial community structure and composition, which includes the EPS matrix and bacteria-bacteria interactions. Importantly, biofilm viscoelastic properties correlate with poor antimicrobial penetration into biofilms and play a role in protecting against mechanical and chemical challenges in numerous environments (Gloag et al., 2019). In CF the abnormal mucus accumulation and impaired clearance can form a niche that can be readily colonized by select bacteria that can form biofilm aggregates (Lam et al., 1980; Singh et al., 2000; Worlitzsch et al., 2002; Bjarnsholt et al., 2009; Cohen and Prince, 2012). Relevant to airway infections, the relationship between viscoelasticity and clearance has been studied with P. aeruginosa and with the NTM, M. abscessus, an emerging antibiotic-recalcitrant pathogen in individuals with CF, to examine if the viscoelastic properties of bacterial biofilms could impact the defined theoretically determined indices of mechanical clearance (Gloag et al., 2018; Gloag et al., 2021). Rheological measurements of biofilms of different variants of P. aeruginosa (mucoid and non-mucoid) and M. abscessus morphotypes (smooth or rough) were associated with significantly lower predicted clearance.

CF airway infections ensue from a circumscribed array of environmental pathogens as well as from opportunistic pathogens from the normal microbiota, which can grow in the airway mucus. Early in life, the airways of children with CF are colonized with H. influenzae, S. pneumoniae, and M. catarrhalis as well as S. aureus and P. aeruginosa. Pathogens can vary with age with H. influenzae S. pneumoniae, and M. catarrhalis decreasing past adolescence. Remarkably, infection with S. aureus and P. aeruginosa however was associated with neutrophil infiltration and airway deterioration even in infants that were deemed well, i.e., with no clinical signs and symptoms of exacerbation (Pillarisetti et al., 2011). Other organisms such as B. cenocepacia, Stenotrophomonas maltophilia, and Achromobacter xylosoxidans have remained important pathogens over the last 3 decades Cystic Fibrosis Foundation (2020). Notably, the prevalence of S. aureus decreases in older PwCF with a decreased prevalence of multidrug sensitive S. aureus (MSSR) and multidrug resistant S. aureus (MRSA), while P. aeruginosa increases together with an increased prevalence of multi-drug resistant strains. NTM, such as M. avium and M. abscessus, are increasing in prevalence in the general population and especially in PwCF, with the prevalence of NTM ranging between 10-14% (Floto et al., 2016; Matsuyama et al., 2018). Over the last ten years, M. abscessus has been increasing as a proportion of NTM and can be extremely challenging to treat due to its antibiotic resistance (CFF Patient Registry Annual Data Report, 2020). As with the respiratory tract in general, the advent of culture-independent microbiological evaluation of microbiota has been revealing. These studies have shown a wide diversity of microbiota in the CF lung comprised of multiple anaerobic bacteria, viruses and fungi that decrease with age and decreasing lung function, for review see (Filkins and O'Toole, 2015; Caverly and LiPuma, 2018).

Chronic cycles of pulmonary infection are a primary contributor to the morbidity and mortality associated with CF. CF was the first disease to be associated with P. aeruginosa mucoid strains and biofilm aggregates in the airway (Høiby, 1974: Lam et al., 1980). Decreased ciliary function and mucus transport leading to mucus stasis, along with higher acidity and abnormal sodium and chloride concentrations in the airway secretions provides a fertile microenvironmental niche for bacterial aggregation and growth. The CF airway epithelium consumes oxygen that can establish zones of low oxygen, which can be readily colonized by P. aeruginosa, where it can form biofilm aggregates (Worlitzsch et al., 2002). Multiple enzyme systems also allow P. aeruginosa to undergo remarkable physiological changes and adaptations to these microaerobic and anaerobic microenvironments present in the CF lung by using denitrification and fermentation (Alvarez-Ortega and Harwood, 2007; Schobert and Jahn, 2010). Nutritional immunity has also been proposed to explain why nutrients such as iron, which is needed for bacterial growth and metabolism, is regulated by the host to sequester free iron. Nutrient availability was examined during viral infection of airway epithelial cells (AEC) (Hendricks et al., 2016). Transferrin, a principal host iron-binding protein, was significantly increased on the apical surface of polarized AECs during virus infection and promoted P. aeruginosa biofilm development both in vitro and in vivo, suggesting that disruption of nutritional immunity during respiratory viral infection could lead to a favorable microenvironment for secondary bacterial infection.

Over time P. aeruginosa can undergo clonal selection and diversification in the lungs of PwCF. The most well-known example of diversification is the development of mucoidy in chronically infected CF lungs (Malhotra et al., 2018). Mucoid P. aeruginosa variants overproduce the exopolysaccharide alginate, a polymer of D-mannuronic and L-guluronic acid (Hogardt and Heesemann, 2010). Infection with mucoid P. aeruginosa is associated with antimicrobial recalcitrance, and in the host, increasing bronchiectasis, rapid decline in lung function, and increased mortality that likely reflects the complex pathoadaptation to the CF lung microenvironment (Smith et al., 2006; Malhotra et al., 2019). However, non-mucoid P. aeruginosa can also form aggregates, as in the hyper-biofilm forming P. aeruginosa rugose small-colony clinical variant (RSCV) (Pestrak et al., 2018). This aggregative phenotype promoted phagocyte evasion, stimulated neutrophil reactive oxygen species (ROS) production, and inflammatory cytokine production as well as enhanced tolerance to neutrophil-produced antimicrobials including H2O2 and the antimicrobial peptide LL-37. Interestingly LL-37 can contribute to P. aeruginosa mutagenesis and pathoadaptation (Limoli et al., 2014; Malhotra et al., 2018).



Primary ciliary dyskinesia

Primary ciliary dyskinesia (PCD), called Kartagener’s syndrome in subset of PCD who also have situs inversus, is an autosomal recessive disorder that affects approximately 1 in 15,000 births. Unlike CF, the genetic mutations in PCD are polygenic and this genetic heterogenicity makes estimation of prevalence challenging (Knowles et al., 2013; Lucas and Leigh, 2014; Shapiro, 2016). PCD causes a spectrum of cilial ultrastructural and functional defects, including dyskinetic movement of respiratory cilia (Walker et al., 2012; Goutaki et al., 2016). At the molecular level the motile ciliary axoneme is arranged in a “9+2” configuration with nine peripheral microtubule doublets surrounding a central pair of single microtubules that together with ~250 other proteins including radial spokes and nexin links, maintain the axoneme structure. The inner and outer arms of the axoneme are formed by dynein complexes, which act as mechanochemical ATPases that generate the force required for ciliary beating (Leigh et al., 2009; Shapiro et al., 2016; Lucas et al., 2017). The radial spokes coordinate the synchronous pattern of ciliary beating and therefore mutations that affect the dynein arms or radial spokes can cause the ciliary movement to be dyskinetic or absent altogether, resulting in abnormal ciliary function and compromised mucociliary clearance. Consequently, people with PCD have recurrent and chronic sinopulmonary infection, chronic otitis media (OM), and progressive suppurative lung disease from a young age (Walker et al., 2017). Interestingly, while individuals with CF or individuals with PCD are both prone to upper respiratory tract infections, PwCF are predisposed to CRS, while people with PCD are susceptible to both chronic OM and CRS. Whether this is due to mucins or to the cilia in each compartment in each disease is unknown, however a study of the sinuses in people with PCD or with CF indicated considerable overlap regarding the microbiology (Møller et al., 2017).

To study the role of the surface epithelium in PCD, primary airway epithelial cells (AEC) can be grown at air liquid interface (ALI) to develop polarized well-differentiated ciliated epithelial mucosa. This model was used to compare the airway microenvironment from people with PCD and age-matched individuals without PCD to investigate the hypothesis that abnormal ciliary motility and low nitric oxide (NO) levels were permissive for biofilm aggregate formation with the most common PCD-associated pathogen, NTHi (Walker et al., 2017). Using image analysis and confocal microscopy the volume of bacterial aggregates was quantified and demonstrated that PCD AEC cultures with dysfunctional cilia developed significantly larger biofilm aggregates with significantly higher numbers of NTHi adherent to PCD epithelium. In contrast, non-PCD AEC cultures had significantly fewer adherent NTHi. Cytokine and LL37 production were comparable in the non-PCD and PCD cohorts. Surprisingly, however NO levels and expression of eNOS, iNOS, and nNOS were also comparable in both cohorts, suggesting abnormal ciliary motility was the principal defect associated with aggregate development. Nonetheless, an antibiotic combined with a NO-donor significantly increased killing of NTHi and reduced NTHi aggregates on PCD epithelium. In a separate study, NO-donor treatment significantly increased the susceptibility of in vitro NTHi biofilm to azithromycin, leading to a 10-fold reduction in viable bacteria compared to antibiotic alone (Collins, 2017). However, when NTHi biofilms were evaluated on primary respiratory epithelial cell cultures, treatment with both a NO-donor and azithromycin led to a 100-fold reduction in viable bacteria. Proteomic analyses suggested that exogenous NO increased expression of bacterial proteins involved in metabolic and transcriptional/translational functions and boosted azithromycin efficacy by modulating NTHi metabolic activity.

Infections with P. aeruginosa also increase morbidity in PCD (Alanin, 2015) and a recent study provided evidence of phenotypic and genotypic parallelism in P. aeruginosa evolution in infections in people with PCD or CF (Sommer et al., 2016). In this study over 80% of people with PCD had persistent clones of P. aeruginosa and genes from these clones were also found in persistent infections in CF airways, including genes conferring antibiotic resistance and associated with quorum sensing, motility, type III secretion, and mucoidy. These data suggest that pathoadaptive changes may be governed by similar selective forces such as the intensive antibiotic treatment and inflammatory responses to drive microbial diversification in airway infections.



Chronic obstructive pulmonary disease

The progression of disease in chronic obstructive pulmonary disease (COPD) is similar to that of the other two muco-obstructive lung diseases discussed above. COPD is associated with mucus accumulation in the airway lumen and the infiltration of innate and adaptive inflammatory immune cells, which facilitate repair or remodeling processes that can result in thickened airway epithelial walls (Boucher, 2019). The persistent respiratory symptoms together with limited airflow in COPD includes the distinct clinical entities, emphysema, bronchiolitis, and chronic bronchitis (Ahearn et al., 2017). Emphysema and chronic bronchitis are the two most common conditions that contribute to COPD. These conditions often occur together and can vary in severity among individuals with COPD. Emphysema is characterized by damage to lung parenchyma and the collapse of alveoli resulting in substantially decreased surface area for the exchange of oxygen and CO2. Alpha-1 antitrypsin (AAT) deficiency is an established genetic cause of COPD, with those homozygous for the Z allele of the SERPINA1 gene, inheriting two copies of the protease inhibitor (Foreman et al., 2017). While people heterozygous for the gene encoding alpha-1 antitrypsin (AAT) deficiency who are cigarette smokers show a higher risk for COPD, the mechanism of the increased risk is unknown, and a recent study has suggested that people heterozygous for AAT may be a subset of COPD disease (Ghosh et al., 2022). Bronchiolitis and chronic bronchitis, on the other hand, are characterized by inflammation and fibrosis of the small airways or the accumulation of mucus due to goblet cell metaplasia and the increased secretion of mucus, respectively.

Although genetics likely play a role in a certain percentage of cases, COPD is linked principally to long-term exposure to toxins and irritants, most frequently in cigarette smoke (including secondary and tertiary smoke) (Sethi and Murphy, 2008; Ahearn et al., 2017). Up to a third of people with COPD however have never smoked and ~30-40% of cases are not associated with smoking, but rather are due to other causes such as air pollutants. While the literature indicates that outdoor air pollution is linked with increased COPD exacerbations and mortality, excessive morbidity and mortality among individuals with COPD associated with temperature extremes, suggest that climate change may have a deleterious impact on managing this disease (Hansel et al., 2016). Generally, mucociliary clearance and the epithelial barrier are both disrupted by persistent acute inflammatory responses, which exacerbate symptoms, contribute to airway inflammation, and hasten the advancement of diminished pulmonary function (Ahearn et al., 2017; Hogg et al., 2004; Agustí and Hogg, 2019). Notably, the thickened airway lumen can become obstructed with mucus and an influx of neutrophils and macrophages as well as adaptive immune cells, which also correlates with impaired IgA (Gohy et al., 2014). Pathogens involved in COPD exacerbations are similar to those in chronic OM and in PCD, with NTHi the most common bacterial cause of infection, accounting for nearly half of exacerbations in people with COPD (Ahearn et al., 2017). Interestingly, the acquisition of new NTHi strains may play a role in pathogenesis (Sethi and Murphy, 2008). As in chronic OM, NTHi exhibits pathoadaptation, including expressing adhesins that mediate adherence to host cells, invasion of epithelial cells, evasion of host immune cells and clearance, biofilm formation, and surface antigenic variation (Ahearn et al., 2017; Fernández-Calvet et al., 2021).

In a recent study comparing sputum samples from people with COPD, community acquired pneumonia, and CF sputum as a positive sample cohort exhibiting biofilm aggregates, bacterial aggregates were found to dominate over planktonic bacteria, regardless of whether the infection was defined as acute or chronic (Kolpen et al., 2022) . While this study suggests that aggregates may be more prevalent in lower airway infections than previously thought, only sputum samples were evaluated and since people with COPD are at higher risk of CAP, it is not clear if bronchiectasis plays a role in bacterial aggregation. Since the role of mucus in health appears to minimize bacterial aggregation, it would be interesting to compare mucin samples from these patient groups.



Microenvironmental conditions that promote aggregation

The CF lung microenvironment clearly influences bacterial aggregate formation. As previously discussed, P. aeruginosa was found in bacterial aggregates enclosed in a matrix within O2-depleted mucus from PwCF, which were not adherent to the airway epithelium (Worlitzsch et al., 2002). The stagnant mucin-rich effusion that appears to promote bacterial proliferation has also been demonstrated in the chinchilla model of OM (Miyamoto and Bakaletz, 1997; Jurcisek and Bakaletz, 2007; Novotny and Bakaletz, 2016), and mucin (MUC) gene polymorphism in patients with chronic OM may contribute to the inadequate host clearance of bacteria (Kerschner, 2007; Ubell et al., 2008). Such microbial aggregates are better protected from host cells and immune effectors, such as phagocytosis, and killing by reactive oxygen species (ROS), neutrophil extracellular traps (NETs), and antimicrobial peptides (Mishra et al., 2012; Alhede, 2020b). Aggregated bacteria can also provoke resident macrophages to produce pro-inflammatory cytokines such as IL-6, IL-8, and tumor necrosis factor alpha (TNF-α), which results in the signaling and recruitment of innate immune cells such as circulating monocytes and neutrophils into the airway (Bhattacharya et al., 2018; Bhattacharya et al., 2020). Sustained infection with P. aeruginosa for example results in a hyperinflammatory microenvironment that can be accompanied by tissue destruction leading to cycles of more inflammatory cells (Bruscia and Bonfield, 2016; Moser et al., 2021). Better understanding the infectious microenvironment will provide important insights into the diverse ways that P. aeruginosa structure/function adapts to wounds, device-related infections, and innate immune cells (Bjarnsholt et al., 2022).

Despite longstanding evidence of biofilms in the context of the CF airway, how aggregates form in vivo continues to remain open to debate. Recently, the idea that bacterial aggregates may be simply agglutinated by host polymers has been explored. Conditions that promoted P. aeruginosa aggregation such as increased mucus density, also increased resistance to antibiotics, H2O2, and killing by neutrophils, but also reduced invasiveness (Staudinger et al., 2014). Interestingly, mutations that typically inhibit aggregation did not abrogate the ability of bacteria to aggregate in a gel-like microenvironment. Using mucin and eDNA to model the dominant polymers found in the CF airway, two biophysical mechanisms of aggregation, bridging and depletion aggregation, were explored (Secor et al., 2018). Both mechanisms resulted in passive agglutination or aggregation of bacteria and a well-characterized biofilm-forming activity by bacteria per se was not required. This study suggests that bacterial aggregates may be a default bacterial mode of growth in some infection sites. S-IgA may also contribute to passive agglutination of airway bacteria, although its role remains largely unexplored (Sánchez Montalvo et al., 2022). Importantly, aggregated bacteria were more tolerant to killing by antibiotics.

Another study indicates that P. aeruginosa aggregate formation in sputum was due to the mechanism of polymer bridging (Jennings et al., 2021). Extracellular matrix polysaccharides Pel and Psl were evaluated in CF sputum with specific antibodies using immunohistochemistry. Both Pel and Psl exopolysaccharides were present in sputum and aggregation was exopolysaccharide dependent. Specifically, Pel was positively charged at the lower pH typically present in the CF airway, and bound to eDNA, which both increased the tolerance of P. aeruguinosa aggregates to tobramycin and protected biofilm aggregates from DNase, a nuclease used to break down extracellular DNA present in the CF airway (Jennings et al., 2021). P. aeruginosa Psl was also evaluated using CF-specific isolates and Psl-specific antibody was elevated in PwCF who failed antibiotic eradication treatment compared to those who were successfully treated (Morris et al., 2021). Persistent CF P. aeruginosa isolates exhibited increased aggregation mediated by bridging aggregation by antibody binding to Psl. Aggregates also displayed increased tolerance to tobramycin. These reports indicate that the development of P. aeruginosa aggregates can occur in a microenvironment that reflects the expectorated mucus found in the CF airway microenvironment (sputum) and that aggregation confers a heightened protection of bacteria that is observed in biofilms. While other studies provide ample evidence of the interplay of pathophysiological effects of airway diseases and infectious stimuli, including biofilm formation, these studies underscore the importance of using the human microenvironment representative of specific infection. Further studies are needed to address novel therapeutics that target airway-associated biofilm infections.



Modeling the human airway microenvironment

Few in vivo models for CF airway infections fully recapitulate the pathology of the human airway diseases. Even in the examples of P. aeruginosa, the most common pathogen that infects the lungs of PwCF, in vivo animal models fail to allow the development of chronic infections in the airway without inducing aggregation in bacteria using agarose before infection (Thomsen et al., 2021). In other animal models such as pigs or ferrets, which each show >90% amino acid identity with human CFTR, mutations have been developed, however these models are limited by cost and breeding limited to a few labs (Welsh et al., 2009; Keiser et al., 2015). Why mice with a disrupted CFTR gene exhibit vastly different airway host defenses compared with the human airway may be due to the pH of airway surface liquid compared with human airway models (Shah et al, 2016). Similar difficulties exist for other genetic diseases that impact pulmonary disease such as PCD. For upper respiratory infections such as otitis media and rhinosinusitis, animal models have also been developed, however they take considerable optimization and may be limited to certain pathogens. Even for NTHi, the most common pathogen in OM (and COPD), animal models are unable to evaluate long-term infection (Ahearn et al., 2017).

To address this general insufficiency of animal models to mimic human infection, ex vivo models with human primary cells or cell lines have been developed. One challenge in evaluating clinical specimens for biofilms involves defining an appropriate control group or cohort, since obtaining samples from people without disease may not be feasible. Another challenge is the difficulty of directly obtaining and demonstrating aggregated cells in matrix enclosed cell clusters on tissue samples from the infected cohort, even though this is a basic diagnostic criterion for biofilm infections (Parsek and Singh, 2003; Hall-Stoodley and Stoodley, 2009). New ex vivo and in vivo models of infection with biofilm pathogens that better recapitulate the human airway are needed to improve in vivo evaluation and provide important data to inform the development of better preclinical modeling for developing therapies that target the airways.

While a few models in animals have been developed that can study biofilm infections in vivo (Novotny et al., 2005; Bakaletz, 2012), biofilm infections often fail to be recapitulated in KO mouse models, particularly in airway infections. Other animal models, such as the pig and ferret, must also be gauged by how accurately they recapitulate human diseases. The biofilm research community needs to address that despite animal models being the preferred models to mechanistically study the in vivo host response to pathogens, further progress requires the development of better chronic infection models (Nguyen and Singh, 2006; Coenye et al., 2019).

To model a microenvironment specific to biofilms associated with infection, understanding the anatomical localization and fluid/tissue is crucial. This may include pH, oxygen partial pressure, relevant host proteins, mucins, eDNA and mechanics. One example is in vitro synthetic CF medium (SCFM2) that has been developed to mimic CF sputum. SCFM2 includes mucins, eDNA, and representative nutrients and mimics the growth of P. aeruginosa and other pathogens found in sputum from individuals with CF. This medium was used to quantitatively evaluate the microbial phenotypes that develop in CF (Cornforth et al., 2020). A three-dimensional model of native mucus using isolated mucin glycans has also been used to evaluate the effects of these complex structures on P. aeruginosa (Wheeler et al., 2019). While reconstituted mucins can be purified according to specific conditions, such as pH, to eliminate much of the variability of native mucins further analysis is nevertheless necessary to determine if critical functions are similar in native mucus (Wagner et al., 2018).

Progress is also being made in modeling the tissue microenvironment ex vivo. Tissue biopsies can be used (lung, middle ear epithelium, adenoids, sinus samples) to evaluate respiratory tract infections using PCR and in situ CSLM (Hall-Stoodley et al., 2006a; Bjarnsholt et al., 2009; Nistico et al., 2011; Hayes et al., 2015; Allan et al., 2016). However, since a major drawback is the difficulty in obtaining tissue biopsies, particularly from cohorts without disease, researchers have developed human airway epithelial cell models to better understand the behavior of biofilm pathogens with human tissues to determine rudimentary host responses that lead to biofilm aggregate formation in the airway microenvironment. As discussed above, this model was used to compare the airway microenvironment from people with PCD and age-matched individuals without PCD to investigate the hypothesis that abnormal ciliary motility and low nitric oxide (NO) levels were permissive for biofilm formation with NTHi (Walker et al., 2017).

CF epithelial cell cultures using CFTR ΔF508 CFBE41o- mutant polarized epithelial cells have been used to investigate the human CF airway epithelial microenvironment with the most common CF pathogen, P. aeruginosa, to better understand the persistent colonization of the CF airway with this pathogen (Moreau-Marquis et al., 2008). Recently a novel cell line Calu-3 was developed to compare wild type and deleted CFTR (Morrison et al., 2022). These cells differentiated into polarized epithelium at ALI and were used in a primary HBE cell model to evaluate the effects of CFTR mutation on mucus production and its biochemical characteristics. Although infection was not studied, this model was able to evaluate the impacts of CFTR modulator therapies in in vitro airway cell cultures. A drawback of cell co-culture models with P. aeruginosa remains its profound cytotoxicity making many of these studies suited to evaluating early colonization. However, cytotoxicity is pathogen-dependent, since NTHi and NTM appear to be well tolerated over several days (Walker et al., 2017; Matsuyama et al., 2018).

Although ex vivo cells of primary human airway epithelial cells do not completely replicate all the abnormalities of deficient CFTR or PCD, they can provide important pre-clinical information about the impact of treatments on epithelial cell function in people with these conditions as well as other specific patient cohorts and to better understand the epithelial response to microbes (Auster et al., 2019; Elborn, 2016; Walker et al., 2017; Matsuyama et al., 2018; Rayner et al., 2019). Moreover, ALI differentiated airway epithelial cultures recapitulate key aspects of epithelial host defense including coordinated ciliary beating, regulation of airway surface fluid height, CFTR-dependent Cl- and HCO3- efflux, production of the gel-forming mucins MUC5B and MUC5AC, and IgA pIgR in the context of COPD, making this model a gold standard for assessing cellular and microbiological responses to infection with and without anti-infective treatments (Gohy et al., 2014; Walker et al., 2017; Rayner et al., 2019; Zemke et. al., 2020). While these models lack the contribution of a functioning immune response that animal models provide, the failure of animal models to recapitulate key aspects of human airway diseases must be considered with respect to the airway. Using innate immune cells from people with lung diseases such as PwCF may also provide insights specific to host-bacterial interactions that better reiterate human host responses (Bruscia and Bonfield, 2016).

Other approaches involve recapitulating the microenvironment of disease by using SCFM2 compared to sputum samples. Notably, when P. aeruginosa was studied in SCFM2 together with a CF epithelial cell model, these models exhibited the greatest genome-wide accuracy relative to CF sputum of the laboratory models studied (Cornforth et al., 2020). Although SCFM2 and the CF epithelial cell model did not recapitulate some specific functional categories, their accuracy outperformed the animal models comparators. Accuracy was further enhanced by studying CF P. aeruginosa clinical isolates. This key study demonstrates that combining multiple laboratory approaches can improve the models used to generate and investigate microenvironment-specific hypotheses relevant to microbial biofilms.



Summary

This review has focused on biofilm aggregates in the human airway. The reader is directed to reviews that further discuss airway cellular composition, defenses, innate immune function, and microbiota to keep up with the ongoing and rapidly developing research in these areas. Understanding how the airway microenvironment impacts the structure/function of biofilm aggregates is still unfolding and further research is required to address the unmet need regarding how biofilms can be better managed in respiratory tract infections. Modeling the appropriate microenvironment by using relevant host cells, clinical isolates, and environmental conditions will help to better recapitulate key facets of biofilm aggregate development in specific anatomical sites in the airway. Importantly, microbial aggregates do not have to exhibit large surface-attached structures to be considered a biofilm. Ex vivo studies indicate that aggregates can be as small as 5-25μm and still display antibiotic-tolerant phenotypes. The high prevalence of CRS in individuals with CF and PCD, and OM in people with PCD suggests a hereditary component together with multiple host genes that contribute to these diseases and warrant further studies to evaluate common genetic pathways that might offer insights into the risks of developing biofilm infections. On the microbial side, evaluating the biogeography of infections can lead to important insights for host adaptation, mutation, and pathogen evolution. Finally, antibiotic tolerance can be reversed or abrogated by dispersing aggregated microbes and further studies with translationally appropriate models have the potential to provide new insights into the mechanisms that lead to biofilm formation as well as to advance the evaluation of novel therapeutic targets to augment antibiotic efficacy against biofilm aggregates. As we gain a more complete understanding of the modeling biofilm aggregates, so too will we better understand how to mitigate them.
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