Haemophilus influenzae in the airways: Canary in the coal mine or driver of disease?
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Abstract
Introduction: Overgrowth and colonization by non-typeable Haemophilus influenzae (NTHi) is a common feature of increasing disease severity, treatment resistance and increased susceptibility to disease exacerbations across chronic airways diseases (CADs). Whether NTHi is a driver of respiratory disease or reflects that the damaged airway has become a permissive environment for growth remains to be proven.
Areas covered: In this review, we discuss the potential roles of hypermutation, biofilm formation and intracellular living in allowing NTHi to adapt to living in the lungs of individuals with CADs. Furthermore, we also highlight immunological, structural and mucosal changes in the lungs themselves that can create a permissive niche for NTHi colonization. Given the significance of the host-pathogen interaction in the pathophysiology of CADs, we also consider which host and bacterial mechanisms may serve as potential targets for novel therapeutics.  To achieve this we performed a comprehensive literature search through PubMed to identify studies reporting on NTHi in chronic airways diseases published up to 31 November 2025.
Expert opinion: A deeper understanding of the dynamic interactions between NTHi and the diseased airway may help identify novel diagnostic and therapeutic interventions that can be effective across multiple CADs.
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Article Highlights:
•	While treatments for eosinophilic/T2-high chronic airways diseases (CADs) have advanced in recent years, therapies for T2-low inflammation remain limited.
•	Non-typeable Haemophilus influenzae (NTHi) is commonly linked to T2-low CADs and is associated with worse clinical outcomes, exacerbations, treatment resistance and inflammation.
•	Structural, mucosal, and immune defects in the diseased lung create a permissive niche for NTHi, which is evolutionary adapted to this maladaptive environment through genetic, epigenetic and phenotypic changes that reinforce its persistence and, in turn, perpetuates airway dysfunction.
•	Antibiotic resistance, immune evasion, intracellular living and biofilm formation further complicate eradication of NTHi, emphasizing the need to better understand these host-pathogen interactions to develop effective therapeutic approaches.
•	Whether persistent NTHi colonization merely reflects underlying airway dysfunction or actively drives disease progression remains unclear. Clarifying this distinction is crucial to understanding disease mechanisms and guiding the development of targeted interventions.
•	Framing NTHi as a ‘treatable trait’ could enable more targeted, endotype-specific therapeutic strategies in CAD, and its presence may also serve as a biomarker to guide patient stratification and personalized treatment approaches.

1. Introduction 
Chronic airways diseases (CADs), such as Asthma, Bronchiectasis and Chronic Obstructive Pulmonary Disease (COPD), are the third leading cause of death in the UK [1] and poor lung health costs the UK £188 billion every year [2]. While there are distinct pathophysiological differences between these airways diseases, research over the past decade has begun to reveal areas of commonality. For example, there is mounting evidence that eosinophils are not restricted to asthma and that raised eosinophils are also treatable traits in non-atopic patients with Bronchiectasis and COPD, predicting responsiveness to inhaled corticosteroids and biologic therapies [3-5]. In particular, the advent of culture-independent techniques has demonstrated that there are similar patterns of microbial dysbiosis in these airways diseases [6,7]. Overgrowth and colonization by Proteobacteria species, such as non-typeable Haemophilus influenzae (NTHi), is a common feature and associated with increasing disease severity, treatment resistance and increased susceptibility to disease exacerbations across airway diseases [7-9]. 
The aim of this article is to review the impact of NTHi infection in CADs and identify potential common mechanisms to reduce the burden of this organism and improve disease outcomes. We describe the underlying pathophysiology of these airways diseases and discuss the potential host and bacterial factors that can lead to NTHi colonization and persistence, with a focus on mechanisms that may serve as targets for novel therapeutics.
2. Airways Diseases
2.1 Asthma
Asthma is a chronic disease of the airways associated with airway bronchoconstriction and inflammation that leads to reversible airway obstruction resulting in expiratory wheeze, dyspnea and cough [10]. Eosinophilic inflammation driven by type-(T)2 pathways (e.g. interleukin (IL)-4, IL-5, IL-13) is most commonly associated with asthma, but it is becoming increasingly recognized that neutrophilic and non-T2 inflammation may also play a role in disease pathogenesis [11]. The combination of chronic inflammation and bronchoconstriction leads to airway remodeling, such as airway smooth muscle hypertrophy and hyperplasia [12]. Remodeling also affects the architecture and function of the airway epithelium such as increased epithelial fragility and loss of barrier function [13]. Furthermore, there is goblet cell hyperplasia that leads to increased mucus production that, combined with loss of ciliated epithelium, further decreases mucociliary clearance and exacerbates obstruction of the airway.
The mainstay of asthma treatment is the use of inhaled corticosteroids (ICS) to control and suppress the inflammatory burden of the disease to minimize symptoms and prevent disease exacerbations [10]. Symptom relief is provided by bronchodilators to reverse the acute episodes of bronchoconstriction. In order to maintain disease control, the latest guidelines recommend dual therapy with an ICS and a long acting β2-agonist (LABA) such as formoterol. If disease control is not maintained despite the use of optimized high dose ICS, then add-on biologic therapies targeting the T2 pathways is recommended [10].
2.2 Bronchiectasis
Bronchiectasis also results from remodeling that leads to permanent dilatation and enlargement of the airways [14], and it can also present with features of obstructive airways disease [15]. The drivers of this airway remodeling are highly heterogeneous ranging from genetic factors (e.g. cystic fibrosis (CF) and primary ciliary dyskinesia (PCD)) through to environmental exposures and chronic infections (e.g. Tuberculosis). The presence of asthma or COPD may also lead to bronchiectatic changes in the airway. This obstruction is accompanied by dyspnea, fatigue, chronic cough and sputum production, again resulting from decreased ciliary motility and increased mucus production [16]. Like the other airways diseases considered in this review, bronchiectasis is also associated with chronic inflammation [16]. This inflammation is largely neutrophilic in nature, but recent work has highlighted that there may also be an eosinophilic endotype of bronchiectasis in approximately 20% of patients [5]. 
Although widely used, ICS are not recommended by the current bronchiectasis guidelines unless they also have co-existent asthma [17]. However, emerging data suggests that for both asthma and COPD, the presence of eosinophils may indicate that patients may also benefit from steroid treatment to reduce disease exacerbations [18]. Similarly, the routine use of long-acting bronchodilators is also not recommended unless the patient is experiencing significant breathlessness. The neutrophilic inflammation in bronchiectasis is largely associated with chronic infection and thus pharmacotherapy for bronchiectasis includes a focus on antibiotics, whether oral, inhaled or intravenous [17]. 
2.3 COPD
As the name suggests, COPD is a chronic disease of the airways that is also characterized by inflammation that results in cough, dyspnea and sputum production [19]. In higher income countries, this inflammation is largely a response to tobacco smoke exposure, a primary cause of COPD, yet a key unresolved question is why inflammation persists in COPD patients who have quit smoking. Unlike asthma, the airway obstruction associated with COPD is largely fixed, which is perhaps related to the underlying remodeling events associated with this disease. Destruction of the terminal bronchioles and loss of alveolar architecture leads to emphysema (enlarged airspaces), decreasing the surface area for gaseous exchange and causing air trapping. Remodeling also occurs in both the large (bronchi) and small airways (bronchioles) with increased inflammatory cell infiltration, mucus production, peribronchial fibrosis and loss of cilia due to epithelial metaplasia leading to reduced airway calibre. These pathological changes in the airway are associated with the chronic bronchitis and small airways disease. However, COPD is highly heterogeneous and individual patients can present with either one or all of these underlying pathophysiologies. Even when a single pathophysiology, such as emphysema, predominates the lung is not always affected in a uniform way and how this spatial heterogeneity impacts disease progression remains unclear [20].
In contrast to asthma, long-acting bronchodilators, whether β2-agonists or muscarinic receptor antagonists (or in the majority of severe cases, both), are the main pharmacological agents recommended for the treatment of COPD [19]. Despite the increased inflammation in COPD, ICS are only recommended for those patients with raised eosinophils [19]. In those with low or no eosinophils, there is a greater risk of developing pneumonia, possibly due to the fact that total airway bacterial load is inversely correlated with sputum eosinophils [21], indicating those colonized with bacteria are more likely to respond poorly to ICS.
2.4 Disease Exacerbations
Exacerbations, periods of worsening symptoms that can often lead to changes in treatment or hospital admission, are a significant feature of these CADs [10,19,22]. CAD exacerbations significantly contribute to the high societal and individual costs of these conditions and are key contributors to Winter pressures in the NHS [23]. Asthma exacerbations alone cost ~ £1.1 billion per year [24]. Furthermore, antibiotic use is more common in people with asthma and COPD, driving antimicrobial resistance (AMR) [25-27]. Importantly, exacerbations also hasten disease progression by accelerating lung function decline [28-30]. In COPD patients, a higher frequency of severe exacerbations per year is associated with an increased risk of all-cause mortality [31], with the majority of these exacerbation events triggered by respiratory infections [22,32,33]. Human rhinovirus (HRV) is the most commonly detected organism at exacerbation, although influenza virus, respiratory syncytial virus (RSV) and coronaviruses have also been detected [34,35]. Human viral challenge studies have confirmed that HRV infection is a causative agent of respiratory disease exacerbations [35]. Although the causative role of bacteria in exacerbations has not been proven due to a lack of human bacterial challenge studies, bacterial colonization of the airway may interact with respiratory viral infections to worsen exacerbations.  For example, co-detection of virus and bacteria is associated with a greater fall in lung function in COPD exacerbations than detection of either pathogen alone [36,37]. Viral infections are associated with bacterial outgrowth during exacerbations, with specific links between HRV and outgrowth of Haemophilus during exacerbations [38]. In addition, there is a significant interaction between HRV and NTHi in COPD exacerbations with each increasing the likelihood of the other being detected in sputum samples from exacerbating patients [9]. These interactions between airway bacteria and respiratory viruses in precipitating disease and exacerbations are discussed in further detail elsewhere [39]. However, the airway microbiota are altered in patients with stable respiratory disease compared to healthy volunteers [6], indicating dysbiosis is present even in the absence of viral infection. This dysbiosis in the lower airway becomes more pronounced at exacerbation further suggesting a prominent role for bacteria in disease exacerbations [6,22,40]. 

3. The airway microbiome
Unlike the upper airway, the lower airway is characterized by low microbial density but high diversity, maintained through a balance of microbial immigration and clearance [6,41,42]. In health, the lower airway microbiome is considered transient and low in biomass, continuously shaped by environmental exposures [42,43]. Microbial immigration occurs through several routes, including inhalation of airborne particles and microaspiration from the upper airway, while clearance is facilitated by mucociliary activity, immune responses, and other host defense mechanisms. The healthy lower airway is typically dominated by commensal genera such as Streptococcus, Prevotella, and Veillonella [44]. However, in CADs the lower airway microbiome undergoes compositional and biomass shifts that increase microbial load and reduce diversity, leading to a more persistent community of pathogenic bacteria [7,40,45-48], such as, Haemophilus influenzae, Pseudomonas aeruginosa, and Moraxella catarrhalis. The presence of these species in turn promote inflammation, exacerbate symptoms, and contribute to disease severity [49-52]. Among the microbial inhabitants, NTHi has emerged as a dominant and clinically significant species in airways disease [53]. This commensal-turned-pathogen is increasingly recognized as a major contributor to both stable disease and acute exacerbations in CAD like COPD, where it promotes airway inflammation and drives disease progression [51,54-56]. Furthermore, NTHi is now also recognized as cause of pneumonia [57,58]. Some studies suggest this may be facilitated by ICS-induced local immunosuppression and enhanced bacterial persistence, which has been discussed in more detail elsewhere [59].The frequent isolation of NTHi during CAD exacerbations and its ability to persist in the lower airways highlight its role as a clinically significant pathogen in airways diseases.

4. Non-Typeable Haemophilus influenzae
To persist in the dynamic and often hostile environment of inflamed airways, this acapsular, gram-negative coccobacillus, that is also a facultative anaerobe, must continuously adapt. This adaptability is driven by genetic and epigenetic changes, metabolic flexibility, physical adaptations and immune evasion which enable the bacterium to persist in the airway niche, evade immune responses, resist antibiotics, and compete within the microbial community (Figure 1). Phase variation is a key mechanism utilized by NTHi involving reversible high-frequency changes in gene expression, allowing it to rapidly alter surface structures, including adhesins, lipooligosaccharides (LOS), and other membrane proteins, ultimately allowing it to both adapt to host pressures and evade host immune detection [60-63]. Many NTHi strains possess phasevarions – epigenetic regulatory systems involving phase-variable expression of DNA methyltransferases [60,61]. These NTHi strains may express ModA, a phase-variable methyltransferase, which contributes to its ability to adapt and persist in the airway despite hostile conditions [60,61,64]. Depending on which of the multiple ModA alleles (ModA1-21) are present and whether it is in the “ON” or “OFF” expression phase, entire regulons involved in virulence, immune evasion, and nutrient acquisition can be differentially regulated, leading to either upregulation or downregulation of associated genes.
Hypermutation is another adaptation frequently observed in NTHi isolates found in chronic airway diseases. Hypermutation often arises from defects in the DNA mismatch repair system, particularly in genes such as mutS and mutL, resulting in increased mutation rates across the genome. Hypermutable strains have been identified in patients with CAD and are linked to enhanced adaptation under immune and antibiotic pressure [65,66]. Approximately 3% of NTHi isolates are likely to have a hypermutable phenotype with mutation rates to common antibiotics 8-fold greater than the parent strain [67]. This hypermutation contributes to the diversification of antigenic profiles, biofilm properties, and resistance traits over time, playing a significant role in virulence evolution and long-term airway adaptation [68,69]. Changes in immunoglobulin (Ig)-A protease expression is another important and dynamic trait in NTHi pathogenesis. NTHi encodes four types of IgA proteases (A1, A2, B1, B2), with expression varying among strains [70]. In a longitudinal study of 101 NTHi strains from COPD patients, 88% expressed IgA proteases upon initial infection, however about 16% changed their expression during persistent infection [70]. These changes were linked to genetic mechanisms like insertions, deletions and slipped-strand mispairing in iga genes, indicating that NTHi dynamically modulates IgA protease expression during long-term infection in the airway.
Metabolic adaptations are also crucial for the long-term persistence of NTHi. Iron is an essential nutrient for NTHi survival and proliferation, yet it is tightly restricted in the human respiratory tract as part of the host’s immune defense [71,72]. To overcome this, NTHi has evolved specialized mechanisms which enable NTHi to scavenge essential cofactors from host hemoproteins, supporting survival in the hostile airway environment [73,74]. In addition to iron acquisition, NTHi has evolved the ability to use host-derived carbon sources, such as N-acetylneuraminic acid, the predominant sialic acid found in human respiratory mucus, as a nutrient source [75]. This ability to metabolize components of airway mucus provides a competitive advantage in the nutrient-limited environment of the inflamed airway. Beyond nutrient acquisition, these systems contribute to resistance against host antimicrobial peptides and support glutathione import, enhancing NTHi's ability to withstand oxidative stress and immune responses [74,76]. Moreover, NTHi exhibits significant metabolic flexibility; in co-culture with bronchial epithelial cells, it can utilize host-derived nutrients such as lactate, promoting its survival under nutrient-limited and oxidative conditions characteristic of the inflamed airway [77]. 

4.1 Biofilm Formation and Antibiotic Tolerance
Like many airway-colonizing bacteria, NTHi forms biofilms – structured, three-dimensional communities of bacteria encased in a self-produced extracellular polymeric substance (EPS) matrix [78]. This matrix acts as a protective barrier that enhances bacterial resistance to antibiotics and evasion of both innate and adaptive immune responses, contributing to persistent airway infections. Biofilm formation is a dynamic process that occurs in distinct stages of adhesion, EPS production, proliferation and maturation and dispersal (reviewed in [79]). 
NTHi expresses various adhesins, such as type IV pili and outer membrane proteins (OMP), P1/P2, which bind to host receptors and mucus components, facilitating initial attachment and kickstarting biofilm formation [80-84]. High molecular weight proteins HMW1 and HMW2 also support binding to bronchial epithelial cells and mucins [85]. The Haemophilus influenzae adhesin (HIA) is another key surface protein, a phase-variable autotransporter, that mediates strong, high-affinity binding to respiratory epithelial cells and components of the extracellular matrix, like vitronectin and laminin [86]. This HIA-mediated adhesion therefore not only facilitates stable colonization, but also contributes to biofilm formation, enhancing its resistance to host immune clearance and supporting long-term airway persistence [86,87]. NTHi can bind to purified airway mucins both in suspension and when immobilized [88]. By binding to mucins, NTHi can establish colonization, resist mucociliary clearance, and contribute to chronic infection states. This close association with the mucosa enables NTHi to resist mechanical clearance and facilitates access to epithelial cells, where it may invade and persist intracellularly, further contributing to chronic colonization and evasion of immune detection [89]. 
The EPS matrix is a defining feature of many biofilms, providing protection against the host immune system and antimicrobial agents. The NTHi EPS is protein and DNA-rich, consisting primarily of LOS endotoxins and extracellular DNA (eDNA) [90,91]. Other proteins are also involved in NTHi biofilm structure such as DNA binding proteins, which bind bent double-stranded eDNA forming a strong nucleoprotein scaffold. This scaffold contributes to NTHi biofilm integrity, maintenance, and antibiotic resistance to positively charged antimicrobials through electrostatic interactions [90,92]. However, biofilm formation by NTHi is not uniform across all strains. Clinical isolates show considerable variability, often due to differences in adhesin expression [93]. This variability likely contributes to the diverse clinical outcomes observed in patients, with some strains forming robust biofilms and others showing limited capacity for persistence.
Beyond structural components, NTHi biofilm development is coordinated by intricate regulatory networks, including quorum sensing (QS) systems. These cell-to-cell communication mechanisms enable bacteria to synchronize gene expression in response to population density, promoting coordinated behaviors such as biofilm maturation and persistence [94]. In NTHi, QS is primarily mediated through the autoinducer-2 (AI-2) system [95]. AI-2 is synthesized by the enzyme LuxS and sensed by the RbsB transporter, which initiates downstream signalling cascades that enhance biofilm development [95]. Mutations in luxS or rbsB lead to structurally impaired biofilms in both in vitro and animal models [96,97]. Downstream genes such as gstA contribute to biofilm integrity via matrix sialylation and loss of gstA expression results in poorly formed biofilms, indicating its role in maintaining biofilm structure [95]. In addition to AI-2 signalling, NTHi possesses a secondary QS mechanism involving the two-component regulatory system QseB/C. While not essential for the initiation of biofilms, this system modulates biofilm maturation and persistence [94]. Mutations in QseC lead to reduced biofilm formation under various conditions, suggesting that QseB/C acts as a complementary regulator, particularly when AI-2 signalling is compromised [94]. 
Biofilms not only act as physical barriers to antimicrobial penetration but also create a microenvironment that favors the emergence and persistence of resistant subpopulations. As a result, NTHi infections, especially in CADs, are often difficult to eradicate and require prolonged or repeated antibiotic treatment courses. Within biofilms, NTHi demonstrates significant tolerance to antibiotics such as ciprofloxacin, azithromycin, and amoxicillin, with increasing resistance also observed against gentamicin and erythromycin [78,98,99]. This antibiotic tolerance is largely attributed to the protective properties of the EPS-like matrix and the reduced metabolic activity of cells within the biofilm [98]. Persistent NTHi populations, especially in the context of CADs, frequently develop or upregulate a range of antibiotic resistance mechanisms. A primary resistance mechanism in NTHi is the production of β-lactamase enzymes and it has been reported that 50% of clinical NTHi isolates were classified as multidrug-resistant [100-102]. Among the ampicillin-resistant isolates, approximately two-thirds were β-lactamase positive. The widespread global distribution of β-lactamase producing NTHi strains highlights their significant contribution to β-lactam antibiotic resistance and emphasizes the growing clinical challenge of treating infections caused by these adaptable pathogens.
Another antibiotic resistance mechanism employed by NTHi involves mutations in ftsI, a gene which encodes penicillin-binding protein (PBP)-3, that can lead to reduced binding affinity for β-lactam antibiotics [103,104]. These alterations confer resistance even in the absence of β-lactamase production and are characteristic of β-lactamase-negative ampicillin-resistant strains. Such mutations have been associated not only with resistance to penicillin but also with reduced susceptibility to extended-spectrum cephalosporins [105]. A study by Li et al. (2020) [106] investigating serotype distribution and antimicrobial resistance in H. influenzae clinical isolates found that not only were all strains were non-typeable, but a significant proportion of these isolates were resistant to ampicillin, and approximately three-quarters harbored mutations in ftsI [106]. These findings emphasize the high prevalence and clinical relevance of diverse antibiotic resistance mechanisms in circulating NTHi populations. 
Other bacterial adaptations, such as modifications to efflux pumps and porins, are another example of how NTHi can tolerate antibiotic treatment. In NTHi, overexpression or structural modification of these pumps can lead to reduced intracellular antibiotic concentrations, thereby enhancing antibiotic tolerance and diminishing treatment efficacy [107]. For instance, some studies have shown that the use of the efflux pump inhibitor carbonyl cyanide m-chlorophenylhydrazone (CCCP) increases the susceptibility of NTHi to antibiotics such as imipenem [108]. Similarly, porins, which are outer membrane proteins that facilitate the passive uptake of small molecules like antibiotics, can be altered in NTHi to restrict drug entry [109]. Changes in porin proteins such as OmpP2, including amino acid substitutions and insertions, have been associated with decreased permeability to β-lactam antibiotics like imipenem [108]. By simultaneously limiting drug entry and promoting active efflux, NTHi can significantly lower intracellular antibiotic concentrations, leading to increased tolerance and resistance [108,109].
4.2 Polymicrobial Interactions with NTHi: Competition and Coexistence
NTHi engages in both competitive and cooperative interactions with other members of the lung microbiota, significantly influencing its ability to persist in the airways and resist antibiotic treatment. One of the most well-characterized are the cooperative interactions involving the formation of multispecies biofilms with pathogens such as Streptococcus pneumoniae and M. catarrhalis [79,110-113]). Within these complex communities, NTHi can modulate gene expression and virulence factors, further promoting persistence and resistance to treatment [110,111,114]. Polymicrobial biofilms involving NTHi exhibit significantly enhanced resistance to antibiotics compared to planktonic bacteria, due to a combination of reduced metabolic activity in deeper biofilm layers, upregulation of stress response genes, and localized concentrations of enzymes such as β-lactamases [115-118]. Some studies suggest that NTHi confers passive protection to other bacteria, such as S. pneumoniae, through mechanisms like β-lactamase production [119]. Interspecies interactions can drive substantial changes in bacterial behavior, including shifts in gene expression that support cooperative survival, resource sharing, or competitive advantage [120-123]. These context-dependent adaptations are not typically observed in single-species settings and highlight the dynamic nature of microbial communities in vivo. For example, NTHi’s type IV pili gene (pilA) is upregulated only during co-culture, while S. pneumoniae exhibits increased expression of the pyruvate oxidase gene (spxB) and decreased expression of pneumolysin and pneumococcal adherence factor A [124]. These findings highlight the complexity of interspecies interactions and their contribution to the stability of polymicrobial biofilms. Outer membrane vesicles from M. catarrhalis also facilitate immune evasion and promote NTHi survival by supporting co-aggregation and shared nutrient utilization [125]. In contrast, S. pneumoniae has been shown to compete with NTHi during early colonization of the airway, inhibiting NTHi persistence through competitive interactions [126-128]. This competition can involve bacteriocin production, nutrient limitation, and host immune modulation [128-130]. S. pneumoniae produces hydrogen peroxide and bacteriocins that inhibit NTHi, though over time, NTHi can persist by withstanding host immune pressures and forming robust biofilms [126]. Similar competitive dynamics have been observed with P. aeruginosa in murine models, where the siderophores and toxins secreted by P. aeruginosa suppress NTHi growth [113,131]. Although both organisms may coexist within biofilms, they tend to occupy distinct spatial niches in the lung, and over time, competitive pressures often lead to the displacement of NTHi by Pseudomonas [113,131,132].

4.3 Immune Evasion and Intracellular Living 
NTHi can also evade host immune detection through their survival within host cells including respiratory epithelial cells and macrophages [39,133,134]. In respiratory epithelial cells, NTHi manipulates the host cell cytoskeleton to promote its internalization via micropinocytosis, a process by which the epithelial cells can engulf macromolecules through small vesicles [133]. This intracellular living offers protection from immune detection and antibiotic activity, since most antibiotics do not effectively penetrate host cells. Once internalized, NTHi manipulates host cell processes to promote its survival. NTHi’s IgA protease has dual functionality: beyond IgA cleavage for immune evasion, it can also degrade proteins such as lysosome-associated membrane protein 1 (LAMP-1), which is essential for phagolysosome fusion [135]. By targeting LAMP-1, NTHi disrupts the normal maturation of phagosomes, thereby preventing fusion with lysosomes and enabling survival within the host respiratory epithelial cells [135,136]. This dual role contributes significantly to NTHi’s capacity for immune evasion and persistent infection. Within macrophages, NTHi intracellular survival is facilitated by the extra-cytoplasmic sigma factor ςE [137]. This sigma factor regulates bacterial stress response genes that help NTHi withstand hostile conditions encountered inside macrophages, including oxidative stress, acidic pH, and nutrient limitation [137,138]. 
In addition to managing intracellular stress, NTHi actively modulates host immune signalling pathways to suppress inflammatory responses. It interferes with Toll-like receptor (TLR) and NOD-like receptor (NLR) signalling, key components of the innate immune response, leading to reduced production of pro-inflammatory cytokines and chemokines [139,140]. By dampening TLR2, TLR4, and NOD1/NOD2 signalling, NTHi limits immune cell recruitment and activation, thereby promoting a more permissive intracellular environment [140]. Collectively, the ability of NTHi to adapt and persist both extracellularly and intercellularly, contribute significantly to NTHi’s role in CADs. Our attention will now focus on the changes that occur in the diseased airway that may drive or synergize with these adaptations of NTHi.

5. Disruption of epithelial barrier and mucosal defenses
The airway epithelium serves as the first line of defense of the airway, acting not only as a physical barrier but also regulating paracellular transport and coordinating immune responses [141]. In CADs, increased bacterial adherence is facilitated by both increased expression and altered composition of the platelet-activating factor receptor (PAFr), intercellular adhesion molecule (ICAM)-1 and carcinoembryonic antigen-related cell adhesion molecule (CEACAM). These receptors are upregulated on airway epithelial cells in response to environmental stimuli such as cigarette smoke, allergens, inflammation and viral infection and can be exploited by NTHi for adhesion [142-147]. Beyond increased receptor expression, the composition of the epithelial surface is further altered through changes in epithelial glycosylation, including aberrant sialylation patterns [148]. In particular, NTHi exhibits a strong tropism for α2,3- and α2,6-linked sialic acids that are commonly found on host glycoproteins in the respiratory tract [86,149]. 
These disease-associated changes are not only conducive to NTHi adhesion, but in some cases may also persist despite standard anti-inflammatory therapies. For example, the corticosteroid-insensitive expression of PAFr may reflect a degree of epithelial remodeling that is not easily reversed by treatment [150]. This increased availability of host receptors complements the previously discussed range of adhesins expressed by NTHi, including type IV pili, outer membrane proteins, and high molecular weight proteins, which mediate binding to both epithelial cells and mucus components during the initial stages of colonization. To compound this, NTHi can also induce further upregulation of target receptors upon binding [144,151]. When combined with altered glycosylation patterns, persistent receptor expression creates a favorable environment for NTHi adherence, even in patients undergoing corticosteroid therapy, thereby supporting ongoing colonization. Together, these changes not only enhance bacterial adherence but also set the stage for deeper tissue invasion, especially in the context of impaired epithelial barrier function.
5.1 Disruption of epithelial junctions and barrier function
Following adhesion, NTHi must evade host defenses to maintain colonization within the airway. In CADs, this is facilitated by compromised epithelial barrier integrity, allowing bacterial translocation into the submucosa, where it is shielded from immunosurveillance. Tight and adherens junctions are essential for maintaining epithelial barrier function, but multiple studies show impaired junctional integrity both in vitro and in vivo [152-154]. This dysfunction is exacerbated by environmental exposures such as cigarette smoke [155], allergens [156], inflammation [152], and pollution [157], which dysregulate key junctional proteins. NTHi itself can disrupt junctional complexes by modulating epithelial signalling and downregulating barrier components [158,159]. This progressive loss of epithelial integrity enables bacterial translocation, sustained mucosal interaction, and immune evasion, features that not only disrupt barrier function but also the dynamic regulatory role of the mucosal surface.
5.2 Alterations in the mucosal surface
A key component of the altered mucosal landscape in CADs is the airway surface liquid (ASL), composed of a mucus layer overlaying a periciliary liquid layer. The ASL plays a central role in antimicrobial defense, but in CADs, it undergoes structural and biochemical remodeling [160,161], impairing mucociliary clearance and disrupting the physical and chemical conditions required to eliminate pathogens. Mucus is central to this dysfunction. In CADs, goblet cell hyperplasia leads to excessive secretion of mucins, particularly MUC5AC and MUC5B, producing mucus that is more viscous, adhesive, and resistant to clearance [162-164]. As previously discussed, NTHi is well-adapted to exploit this environment though selectively binding to mucins [165] and actively stimulating mucin production [166-168], perpetuating a cycle of mucus accumulation, impaired clearance and bacterial adhesion.
A further consequence of mucus accumulation is airway plugging, which generates microenvironments characterized by localized hypoxia and nutrient-rich gradients. Reduced oxygen availability not only stimulates further mucin production [169], but also selects for organisms capable of surviving in oxygen-limited conditions, including facultative anaerobes such as NTHi [170]. Hypoxia also impacts host epithelial and immune cell function [171], diminishing antimicrobial responses and promoting an immunosuppressed microenvironment that can be favorable for NTHi persistence. Furthermore, the accumulated mucus itself serves as a nutrient-rich substrate, supporting bacterial growth. Beyond the mucus layer, changes in the composition of the ASL can also provide further growth substrates for NTHi as the chronic inflammation, epithelial damage and paracellular leakiness in CADs can lead to elevated ASL glucose levels [172-176]. NTHi not only benefits from this elevated glucose but also demonstrates enhanced persistence under such conditions [177]. Given the higher population prevalence of diabetes and metabolic syndrome as comorbidities in COPD and asthma, this relationship could be explored further [178]. 

5.3 Impaired mucociliary clearance
In addition to biochemical and structural changes at the mucosal surface, the physical removal of mucus is also compromised. Mucociliary clearance (MCC) relies on the coordinated beating of motile cilia to propel mucus toward the oropharynx, clearing inhaled particulates and microbes. While the mechanisms underlying MCC dysfunction differ across CADs [161], they commonly lead to mucus stasis, creating a reservoir for persistent pathogens such as NTHi. Ciliary defects in PCD result in uncoordinated or absent beating, severely impairing mucus clearance [179]. In CF, cilia remain functional, but MCC is hampered by the altered biophysical properties of the mucus. Similarly, in asthma and COPD, cilia are not inherently defective but become dysfunctional due to chronic inflammation and environmental exposures such as cigarette smoke or pollution [16,180]. Beyond these disease-specific impairments, NTHi itself can further disrupt MCC by impairing ciliary activity [181] compounding pre-existing defects and promoting a cycle of colonization and dysfunction. Additionally, in many CADs, further dysfunction in both innate and adaptive immunity further weaken host defenses, enabling bacteria to evade immune clearance and establish persistent colonization in the airways. 

6. Immune dysregulation in CAD
6.1 Immune imbalance and inflammatory phenotypes
CADs exhibit considerable heterogeneity in immune and inflammatory responses, with phenotypes varying both between and within diseases. Broadly, CAD-associated inflammation can be categorized into T2-high and T2-low phenotypes. As previously discussed, T2-high inflammation is defined by eosinophilic infiltration and elevated Th2 cytokines [182]. In contrast, T2-low inflammation lacks these features and is instead marked by a neutrophil-dominated response including inflammatory mediators, such as IL-8, IL-17, IL-23, IL-1β and TNF-α, and is often more resistant to corticosteroid therapy [183]. A further cytokine released by the epithelium, thymic stromal lymphopoietin (TSLP), appears to drive both T2 and non-T2 disease [184].
NTHi is closely associated with T2-low inflammation across CADs. Upon detection of NTHi, airway epithelial cells activate inflammasome pathways and release pro-inflammatory mediators such as IL-1β, IL-6, IL-8, and TNF-α [185,186] as well as evidence of IL-33 secretion [187]. These mediators drive the recruitment and activation of neutrophils, reinforcing a T2-low, neutrophil-dominant inflammatory environment. In addition, cytokines such as IL-1β and other neutrophil products can reduce epithelial cell function or cause further epithelial damage [16,188]. Although some in vitro studies suggest that NTHi can stimulate eosinophil activation and degranulation [189,190], this has not observed in vivo. Instead, multiple studies consistently demonstrate an association between NTHi and neutrophilic inflammation, with inverse correlations with eosinophil levels [51,191-201]. 
Animal models support these clinical observations, demonstrating that NTHi colonization promotes T2-low inflammation, particularly when combined with disease-relevant exposures such as cigarette smoke or allergen sensitization [202,203]. However, it remains unclear whether NTHi drives the development of this inflammatory phenotype or preferentially colonizes a T2-low environment. A bidirectional model is likely, whereby NTHi colonization reinforces neutrophilic inflammation through sustained epithelial activation, cytokine release, and immune cell recruitment, while the existing T2-low environment and subsequent disease defects in immune clearance enables NTHi persistence (Figure 2). This self-reinforcing loop of chronic inflammation and microbial colonization contributes to disease progression and highlights the need for deeper mechanistic insights to guide targeted interventions.
This loop also presents an immunological paradox: despite a chronically inflamed, cytokine-rich environment, NTHi is not effectively cleared. This paradox suggests a deeper dysfunction not merely in effector immune responses but in upstream immune sensing and signalling. Pattern recognition receptors such as TLRs are key to initiating immune responses against NTHi [204,205], but TLR expression is often dysregulated in CADs [206] influenced by environmental factors such as cigarette smoke, corticosteroids and bacterial load [207-209]. As previously mentioned (see section 3.3), NTHi can also interfere with TLR signalling which may be impaired due to desensitization following chronic stimulation. For instance, while TLR co-receptors such as CD14 can be upregulated, downstream signalling via NFκB can become skewed, dampening transcription of inflammatory genes upon repeated exposure [210]. Interestingly, while TNF, IL-10, and CCL5 were suppressed, neutrophil-attracting cytokines such as IL-6 and IL-8 were unaffected, potentially explaining how a neutrophil-dominant, yet ineffective, immune response is sustained in an NTHi-colonized airway.
Steroid resistance, commonly associated with both T2-low inflammation and NTHi presence, further exacerbates this dysfunctional immune state [211,212]. While the precise mechanisms underlying steroid resistance remain unclear, macrophages have been implicated as key contributors [213] and interactions with airway bacteria appear central to this process. Exposure to gram-negative bacteria linked to steroid-resistant asthma [214] or their components, such as LPS [215], influence corticosteroid sensitivity. Mechanistically, this may be mediated by activation of the p38 mitogen-activated protein kinase (MAPK) pathway, as p38 inhibition restores steroid responsiveness [216]. NTHi activates p38 MAPK signalling [217] and influences macrophage phenotype [218], suggesting a mechanism where NTHi may directly impair steroid efficacy and propagate a favorable inflammatory environment driven by macrophages. 

6.2 Impairments in macrophage function and clearance mechanisms
6.2.1 Clearance mechanisms
Macrophages maintain airway homeostasis through two major processes: phagocytosis (engulfing and degrading pathogens and particulates) and efferocytosis (clearing apoptotic cells to limit inflammation and promote resolution). In CADs, macrophage function and phenotype are significantly altered, disrupting both processes which correlate with increased disease severity and exacerbation frequency [206,219-225]. Notably, the extent of efferocytosis impairment correlates with defects in NTHi phagocytosis, suggesting a linked dysfunction across macrophage-mediated clearance mechanisms [226]. 
While macrophage impairment offers a potential therapeutic target [220,227] the underlying mechanisms remain incompletely understood. External factors such as smoking and air pollution have been implicated by some studies [221,228,229] while others report no such associations [225]. Evidence of impaired phagocytic function in monocyte-derived macrophages [230] suggests that this dysfunction is not restricted to the lung, but could reflect a broader, disease-associated reprogramming of innate immune cells. Moreover, as previously described, NTHi may actively exploit these clearance defects to establish and persist in intracellular niches in airway epithelial cells and phagocytic cells [133,191,231,232] where they are shielded from immune responses and antibiotics [233]. Respiratory viral infections can also reduce macrophage phagocytic ability [234,235] and together all these factors highlight the complexity and heterogeneity of macrophage dysfunction. 
6.2.2 Oxidative stress
Intracellular persistence may also be facilitated by dysregulated oxidative stress responses, which impair host antimicrobial activity. In health, reactive oxygen species (ROS) generated during the oxidative burst are essential for pathogen killing. In CADs however, baseline oxidative stress is elevated due to factors such as pollution, allergens, and smoke exposure, as well as endogenous sources like activated immune cells [236]. Paradoxically, this persistent oxidative environment may suppress further ROS generation in response to infection, suggesting a functional threshold beyond which ROS levels become detrimental rather than protective. Indeed, macrophages fail to regulate mitochondrial ROS (mROS) effectively [237] and do not generate sufficient mROS following bacterial challenge [237], likely due to elevated baseline ROS levels. Chronic exposure to oxidative stress may also induce a state of cellular exhaustion or redox adaptation, in which further ROS generation is suppressed despite ongoing microbial presence. Restoration of phagocytic activity ex vivo via antioxidant supplementation [238], or activation of a key regulator of antioxidant defenses, Nrf2, [238] provides strong evidence for a mechanistic link between oxidative dysregulation and defective clearance. However, these findings are based on ex vivo models; whether such interventions translate into meaningful improvements in pathogen control or clinical outcomes remains to be established.
Oxidative stress is closely linked to iron homeostasis, with ROS promoting the release of iron from cellular stores, fuelling a cycle of damage and immune dysfunction. Disrupted iron regulation is common in CADs [239-241], but the underlying mechanisms remain unclear. Compounding this, as previously mentioned, NTHi is well adapted to utilize iron as an essential nutrient, enabling it to thrive in iron-rich environments, like the COPD lung [242]. Macrophages play a central role in iron sequestration and bioavailability and may be particularly impacted. Experimental iron loading of COPD macrophages reduced NTHi phagocytosis [243], impairs macrophage killing capacity [244] and induces altered phenotypes associated with reduced phagocytic activity [245]. This suggests that iron dysregulation may directly contribute to the persistence of NTHi.
6.2.3 Extracellular Traps
Beyond playing a role in intracellular bacterial killing, ROS also contribute to the formation of extracellular traps (ETs) These web-like structures composed of eDNA, histones, and antimicrobial proteins that trap and neutralize pathogens [246,247] are produced by both neutrophils (NETs) and macrophages (METs). While ETs are a defensive mechanism, they have been implicated in CAD severity [51] and so may, paradoxically, facilitate pathogen persistence through acting as eDNA for biofilm formation. NTHi appears capable of resisting both extracellular and phagocytic killing when trapped within these structures [248-250]. Thus, ET-mediated entrapment may substitute for or contribute to NTHi biofilm-like behavior in the airway, representing an unconventional but clinically relevant survival strategy [251].

6.3 Adaptive immunity
6.3.1 T cell responses
T cell-mediated immunity plays a central role in host defense against NTHi. Both CD4⁺ helper and CD8⁺ cytotoxic T cell subsets are activated upon exposure to NTHi antigens [252] and robust proliferative responses to NTHi OMPs have been correlated with protection from NTHi-mediated exacerbations [253]. Similarly, NTHi stimulates cytokine production by CD8⁺ T cells and NK cells [254]. Mucosal-Associated Invariant T (MAIT) cells, a type of innate-like T lymphocyte, not only respond to NTHi antigens but are also capable of killing infected macrophages [255]. These findings suggest that effective cellular immunity, especially cytotoxic responses, may be key to controlling infection. However, the balance of these responses is critical. Increased CD8+ T cell infiltration observed in some CADs [256] does not always lead to effective pathogen clearance. Instead, enhanced T cell infiltration may exacerbate epithelial damage which promotes further bacterial persistence [257]. Thus, both insufficient and overexuberant responses can be maladaptive and contribute to impaired clearance of NTHi. 
Both the chronic disease environment and its treatment can further undermine effective T cell responses. ICS usage is associated with reduced frequency and functional impairment of key protective T cell subsets, including MAIT and CD8⁺ T cells [258]. Furthermore, increased numbers of regulatory T cells and exhausted PD-1⁺ T cells have been identified in patients [259,260], suggesting a shift toward a locally immunosuppressive environment that may impair effective bacterial clearance. These factors suggest how chronic inflammation and treatment can skew T cell immunity away from protective, balanced responses toward either states of ineffective tolerance or damaging hyperactivity, ultimately enabling chronic NTHi colonization.
6.3.2 Antibody responses
The persistence of NTHi, despite its immunogenicity, suggests a breakdown in mucosal antibody function. While increased serum IgG1 and IgG3 responses to NTHi antigens are seen in bronchiectasis [261], antigen-specific responses in the airways are often blunted. In COPD, patients colonized with NTHi exhibit reduced airway IgG against NTHi despite elevated total immunoglobulin levels [262]. Similarly, while Groeneveld et al. (1990) found that COPD patients had elevated serum IgG and IgA levels compared to healthy controls [263], it remains unclear whether these antibodies are functional or appropriately compartmentalized for mucosal protection. IgA plays a central role in immune exclusion at mucosal surfaces, but cigarette smoke may drive a class switch toward IgG at the expense of IgA-mediated protection [264], a shift which may weaken mucosal immunity against NTHi. This weakening of IgA-mediated mucosal immunity is compounded further by NTHi expression of IgA proteases (as previously discussed), which degrade secretory IgA and directly undermine antibody-mediated mucosal immune responses. Additionally, epithelial dysfunction in CADs can impair transcytosis of IgA into the airway lumen due to downregulation of the polymeric immunoglobulin receptor [265,266] and limit the availability of functional NTHi-specific antibodies at the site of infection.
7. Conclusion
NTHi has multiple adaptations that not only allow it to thrive in the diseased airway but also to develop resistance to common antibacterial treatments.  Whether NTHi is driving these disease changes to create a permissive environment or simply taking advantage of damage already caused by CADs, amplifying the inflammatory environment and initiating a vicious circle, remains an open question that will require multiple approaches to answer.  
8. Expert Opinion 
Despite ever growing insights into the immunological and microbial complexity of CADs, current therapeutic strategies remain predominantly host-centric, with insufficient attention to persistent airway colonizers, such as NTHi. Increasingly, NTHi is being recognized as a potential treatable trait, highlighting the need for more targeted approaches that replicate the precision seen in eosinophilic disease management. The treatment of eosinophil-associated CADs has accelerated beyond the use of corticosteroids in recent years with the approval of monoclonal antibodies specifically targeting effectors of the T2 pathway [267-271]. However, even among T2-high asthmatic patients, the clinical response to these biologics is variable. Treatment failure has been linked with increased neutrophil activation and bacterial detection [272], suggesting that the airway microbial landscape and presence of underlying or emergent T2-low inflammation may influence treatment efficacy. 
In contrast to eosinophil-associated disease, the treatment of neutrophil-associated CADs has lagged behind. Although antibody therapies targeting the alarmins IL-33 and TSLP are showing efficacy in T2-low disease, the mechanisms behind this clinical benefit are unclear [273-275]. The impact of these biologic therapies on NTHi colonization remains to be seen, but investigating this interaction could help clarify whether persistent infection drives disease progression or merely reflects airway dysfunction. The bacterial virulence factors and host immune dysfunction described in this review provide further potential targets for therapeutic intervention to reduce the burden of NTHi colonization. A variety of host-directed, bacteria-directed, and combined therapies are currently under various stages of development (Table 1). These emerging approaches will be discussed in more detail below. Beyond the monoclonals modulating host inflammatory pathways, direct killing of the bacteria using bacteriophages may be one potential therapeutic avenue but is far from simple in practice [306]. Perhaps the most obvious therapeutic avenue is the use of antibiotics. However, given the mechanisms described above that NTHi has evolved to avoid and manage antibiotic exposure, the long-term use of such therapies to eradicate NTHi in the airway has met with limited success. The macrolide antibiotic azithromycin has demonstrated efficacy in COPD as an add-on treatment to prevent exacerbations [19,307]. Indeed, as azithromycin is a cell penetrant antibiotic, it may hold potential for targeting intracellular NTHi. The AMAZES trial found that while azithromycin treatment reduced the number of asthma exacerbations and H. influenzae load, its use was also associated with increased carriage of antimicrobial resistance genes [308]. In addition to its antibacterial action, immunomodulatory effects of azithromycin have also been reported, enhancing airway immune responses by promoting phagocytosis and bacterial clearance [220,309], as well as reducing NET formation [310]. Therefore, the development of non-antibiotic macrolides that can reduce intracellular NTHi burden by improving host defenses without driving resistance represents a promising therapeutic avenue [311]. 
As for other respiratory infections, perhaps vaccines hold the answer? While several NTHi surface antigens, such as P2, P6, Protein D, and HMW1/2, are targets of antibody responses and vaccine development efforts [312-315], current strategies may not be efficacious due to the inherent mucosal immune dysfunction in CADs and the multifaceted ability of NTHi to evade mucosal defenses. Furthermore, the intracellular lifestyle of NTHi may partially explain the limited efficacy of NTHi vaccines in clinical trials [316,317]. Studies in animal models suggest that inducing strong mucosal responses, particularly secretory IgA, is critical for effective protection [312,318]. Future vaccine strategies need to prioritize boosting local mucosal immunity to overcome compartment-specific immune failure to enhance targeting and clearance of NTHi. The addition of IgA protease inhibitors may further enhance this local mucosal immunity [286]. Alternatively, perhaps targeting NTHi with engineered monoclonal antibody therapies, as is currently being investigated for P. aeruginosa infections [319,320], may be effective.
Interest in targeting the inflammatory sequelae of NTHi colonization, and the neutrophil in particular, has recently increased with the report that brensocatib, a promising new investigational oral treatment, reduces exacerbation frequency and lung function decline in bronchiectasis patients [321]. Brensocatib inhibits the dipeptidyl peptidase (DPP)-1 enzyme, reducing the formation of functional neutrophil serine proteases, which are responsible for many of the deleterious downstream effects of neutrophil activation in CADs, whilst retaining antibacterial functionality [322]. A further DPP-1 inhibitor is currently being trialed in bronchiectasis [283]. However, although promising, whether such inhibitors have efficacy in CADs beyond bronchiectasis and the impact this compound has on NTHi persistence in the airways remains to be investigated. 
Epithelial barrier disruption, mucosal surface remodeling, and impaired MCC all create a permissive, mucus-laden airway niche for NTHi persistence. Current interventions, such as mucolytic agents, can reduce mucus accumulation and have shown to reduce NTHi binding to mucus, but not epithelial cells [323]. Furthermore, airway clearance techniques are used in bronchiectasis and reduce the risk of exacerbations [324]. This selective modulation highlights the importance of addressing the multifaceted nature of epithelial and mucosal dysfunction in CADs. 
The biggest remaining question is whether NTHi colonization actively drives disease processes in the lung or merely reflects a permissive environment for growth created by CADs? Human challenge studies with HRV have confirmed that this organism is a causative agent of respiratory disease exacerbations [35], but performing such studies with NTHi is both logistically and ethically challenging. While murine models have provided some of this causative evidence, such in vivo models do not fully recapitulate all aspects of CADs [325-327]. Emerging human-relevant model systems including airway organoids, ex vivo lung tissue models, scaffold-based platforms and advanced co-culture systems, offer more physiologically and clinically relevant ways to study host-pathogen interactions and have been comprehensively reviewed elsewhere [328]. Investigating the effects of newer, disease-modifying treatments on the bacteria as well as the host is therefore the most promising approach to answer this question. With a more defined role in disease comes greater real-world benefits for patients as NTHi detection could guide patient phenotyping and stratification, guiding tailored treatment for these patients which at a minimum could be withholding ICS or introducing macrolides. What seems certain is that generating effective therapeutic strategies for all CADs must take into account the complexity of the airway environment and target multiple aspects of the host–pathogen interaction.
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Figure  and table legends 
Figure 1: Summary of NTHi colonization strategies in chronic airway disease. NTHi employs multiple mechanisms to establish and maintain infection, including: Genetic and epigenetic adaptations – reversible changes such as phase variation and hypermutation that generate phenotypic diversity in response to stress; Host immune evasion – strategies like IgA protease modulation and complement resistance to avoid immune clearance; Metabolic flexibility – acquisition of essential nutrients through iron scavenging and utilization of host-derived sources such as lactate and sialic acid; and Physical adaptations – biofilm formation, adhesion to airway surfaces, and intracellular persistence to protect against host defenses and antibiotics. Created in BioRender. Bowron, L. (2026) https://BioRender.com/r1jt8vm
Figure 2: The self-reinforcing loop of NTHi colonization and T2-low inflammation in disease progression. Disease-associated epithelial and mucosal defects (impaired ciliary function, abnormal mucus production, and reduced mucociliary clearance) in conjunction with dysfunctional immune responses characteristic of T2-low inflammation (altered immune cell recruitment, phagocytic defects, oxidative stress, and neutrophilic inflammation) and treatment resistance create a permissive environment for NTHi colonization. NTHi can directly modulate these barrier and immune functions to enhance its own persistence. Disease-relevant exposome factors, such as cigarette smoke, viral infection, air pollution, and allergen sensitization, can synergize with NTHi to reinforce bacterial persistence and worsen disease-associated epithelial and immune dysfunctions. Collectively, these processes sustain T2-low airway inflammation, support ongoing colonization, and drive disease progression, but the dynamic, self-reinforcing relationship between NTHi colonization and T2-low inflammation (cause versus consequence) remains to be fully determined. Created in BioRender. Ackland, J. (2026) https://BioRender.com/j881yfv 

Table 1. Summary of current and potential therapeutic strategies that could reduce the burden of NTHi in chronic airway disease. Abbreviations: AOS = Alginate Oligosaccharides, CF = Cystic Fibrosis, COX-2 = Cyclooxygenase-2, COPD = Chronic Obstructive Pulmonary Disease, DNABII = DNA-binding protein family II, DNase I = Deoxyribonuclease I, DPP-1 = Dipeptidyl Peptidase-1, ECAT = ε-poly-L-lysine/arginine-grafted chitosan/tris(2-carboxyethyl)phosphine, EDTA = Ethylenediaminetetraacetic acid, ERK = Extracellular Signal-Regulated Kinase, FEV1 = Forced Expiratory Volume in 1 second, HMW = High Molecular Weight, IL-6 = Interleukin-6, JNK = c-Jun N-terminal kinase, MyD88s = Myeloid differentiation primary response 88 (short isoform), NAC = N-acetylcysteine, NF-κB = Nuclear factor kappa-light-chain-enhancer of activated B cells, NO = Nitric oxide, NTHi = Nontypeable Haemophilus influenzae, OMP P2 = Outer membrane protein P2, OMV = Outer membrane vesicle, PDE = Phosphodiesterase, PilA = Type IV pilus subunit A, PYRRO-C3D = Cephalosporin-3′-diazeniumdiolate nitric oxide donor prodrug, RCT = Randomized Controlled Trial, RTIs = Respiratory Tract Infections, SPM = Specialized Pro-resolving Mediators, sIgA = Secretory Immunoglobulin A, TNF-α = Tumor Necrosis Factor-alpha.



Table 1. Summary of current and potential therapeutic strategies that could reduce the burden of NTHi in chronic airway disease.
	Therapeutic strategy
	Example interventions
	Evidence level
	Key efficacy signals
	Major limitations
	References

	Host-directed therapies

	
	NTHi antigen-targeted vaccines (Protein D, Protein E, PilA, OMP P2, HMW1/2) and whole inactivated NTHi
	Human RCTs (Protein D/E/PilA, inactivated NTHi), murine models (HMW1/2)
	Meta-analysis of 9 RCTs found no significant reduction in exacerbations or mortality. HMW1/2 immunisation protects against heterologous strains despite strain-specific antibodies.
	High strain heterogeneity, lack of capsule and antigenic variability limits conserved antigen identification; strain-specific antibody responses may restrict broad protection.
	[280-286]

	Vaccines / mucosal immunotherapy
	Whole inactivated polybacterial immunotherapy (MV130)
	RCT, prospective pilot studies, murine models
	Lower number and duration of wheezing attacks; Decreased RTIs; symptomatic improvement; murine evidence of enhanced antiviral protection via trained immunity.
	Limited evidence in chronic lung disease; uncertain impact on lung microbiome; durability and mechanism in COPD/bronchiectasis/asthma unclear.
	[276,277]

	
	Oral lysate therapy (OM-85 BV)
	RCTs (NL5752); systematic reviews and meta-analyses
	Decreased number of RTIs and exacerbations; increased serum IgA and sIgA levels; post-hoc signals of benefit in T2-high disease.
	Conflicting evidence across studies with limited adult-disease efficacy in meta-analyses; larger RCTs needed in well-phenotyped cohorts, such as the ongoing PrecISE study (NCT04129931)
	[278-281]


	DPP-1 inhibition
	Brensocatib (WILLOW, ASPEN); 
Verducatib/ BI 1291583 (AIRLEAF)
	RCTs
	Prolonged time to exacerbation; reduced time to first, risk of and rate of exacerbations; reduced lung function decline (FEV1), reduced neutrophil elastase activity
	No NTHi-specific endpoints to assess direct impact on NTHi; long-term effects unknown
	[282,283,290]

	Specialised Pro-resolving Mediators (SPMs)
	15-epi-Lipoxin A4; Resolvin D1/D2/D3
	Preclinical (murine, in vitro acute infection models)
	Inhibition of NF-κB activity; decreased pro-inflammatory mediators (IL-6, TNF-α, COX-2); reduced neutrophil recruitment; increased macrophage clearance
	Evidence derives from acute murine/in vitro models rather than chronic disease models; dosing, delivery, and translational pathways unresolved
	[284,285]

	Bacteria-directed therapies

	IgA protease inhibitors
	Small molecule, non-peptidic IgA protease inhibitor
	High-throughput screening and in vitro inhibition validation
	Inhibitory activity across NTHi strains
	No in vivo or human trial data
	[286]

	Haem/iron pathways
	Iron chelators, sideomycins, haem-degradation inhibitors
	 Haem/iron interventions primarily explored in other Gram-negative species
	In vitro efficacy against multiple Gram-negative pathogens by restricting iron availability or blocking uptake mechanisms
	Very limited direct evidence in NTHi; uncertainty in translatability due to species-specific iron acquisition systems
	[68,287]

	Probiotics / commensals
	H. haemolyticus (haemophilin-producing strains)
	In vitro, murine, cohort
	Haemophillin produced by H.haemolyticus reduces NTHi growth & colonisation
	Evidence is largely preclinical. Haemophilin expression varies markedly between strains. No established safety framework for H. haemolyticus human inoculation.
	[288,289]

	
	EDTA / DNase I
	In vitro biofilm models
	increased susceptibility of NTHi biofilms to ampicillin and ciprofloxacin; promotes detachment of biofilm cells
	In vitro models do not fully recapitulate airway microenvironment, host factors, or polymicrobial interactions
	[290]

	Anti-biofilm strategies
	Monoclonal antibodies (anti-PilA / anti-DNABII)
	In vitro biofilm models
	Anti-PilA disrupts NTHi biofilms; anti-DNABII broadly disrupts single- and mixed-species biofilms; antibody cocktail gives greatest overall disruption
	
	[291]

	
	Cephalosporin-3-diazeniumdiolate nitric oxide (NO) donor prodrug (PYRRO-C3D)
	In vitro biofilm models
	increased NTHi biofilm susceptibility to azithromycin, but only NTHi with β-lactamase triggered NO release
	Not all NTHi strains carry β-lactamases so therapy may not be universally effective
	[292]

	
	Alginate oligosaccharides (AOSs) e.g. OligoG
	Phase 2 clinical trials in CF, in vitro NTHi biofilm models
	Dose-dependent biofilm disruption; potentiates antibiotic therapy
	Appears to have strain dependent effects in vitro, no clinical data looking specifically at NTHi
	[293]

	Bacteriophage therapy
	NTHi-specific phages, phage cocktails
	In silico & murine bacteremia models
	Phage therapy increases survival and reduces bacterial loads in animal models
	No chronic airway disease model testing. Currently no virulent NTHi specific phages identified
	[294]

	Combined host and bacteria directed therapies

	Macrolides
	Azithromycin
	RCTs (AZISAST, AMAZES, NCT00325897)
	Reduction in exacerbations which are linked to reduced NTHi carriage, post-hoc analyses suggest signal in T2-low asthma
	Increase in azithromycin resistant NTHi strains globally may reduce azithromycin efficacy. Increased antibiotic resistance gene carriage following treatment. Significant detrimental side effects e.g hearing loss
	[275,276,295,296]

	
	Non antibiotic macrolides
	RCT (Glasmacinal/EP395), in vitro (GS-459755, GS-560660)
	Reduction of inflammatory markers in COPD, improved marophage phagocytosis of NTHi in vitro
	further translational work for preclinical work needed, clinical studies not currently designed to directly test impact on NTHi
	[227,279, 329]


	
	Roflumilast
	Clinical use in COPD; preclinical in vitro and murine models for NTHi
	PDE4 inhibition enhanced NTHi-mediated upregulation of CYLD, suppressing inflammation
	NTHi may synergise with roflumilast to increase inflammation; diverging effects need further clarification, particularly in human studies
	[297]

	PDE targeting
	Rolipram
	Preclinical (in vitro, murine)
	PDE4 inhibition; modulates inflammatory signalling
	Limited translational data as older drug class primarily used for research purposes
	[298]

	
	Resveratrol
	In vitro, murine, zebrafish models
	Modulates PDE1/3/4 and ERK/JNK phosphorylation. Upregulates MyD88 short which inhibits NF-κB. Bacteriostatic against NTHi
	Mixed evidence on NTHi adhesion, invasion, intracellular load as mostly preclinical data
	[299-301]

	Mucolytics
	N-acetylcysteine (NAC), 1,8-cineole (eucalyptol), carbocisteine
	Clinically used as mucolytic/antioxidant therapy. Preclinical in vitro/vivo studies evaluating direct effects on NTHi.
	Mucolytic, antioxidant and bacteriostatic effects. Reduces NTHi adhesion to mucins but not epithelial cells, improves NTHi clearance
	High dose needed for direct bacterial effect. Treatment may increase bacterial OMV release and perpetuate inflammation, but further studies are needed to clarify this
	[293,302-304]

	Nanogels
	ECAT nanogels
	In vitro and murine models
	Reduced NTHi growth, mucin aggregation and airway inflammation
	Early-stage, no human data
	[305]



Abbreviations: AOS = Alginate Oligosaccharides, CF = Cystic Fibrosis, COX-2 = Cyclooxygenase-2, COPD = Chronic Obstructive Pulmonary Disease, DNABII = DNA-binding protein family II, DNase I = Deoxyribonuclease I, DPP-1 = Dipeptidyl Peptidase-1, ECAT = ε-poly-L-lysine/arginine-grafted chitosan/tris(2-carboxyethyl)phosphine, EDTA = Ethylenediaminetetraacetic acid, ERK = Extracellular Signal-Regulated Kinase, FEV1 = Forced Expiratory Volume in 1 second, HMW = High Molecular Weight, IL-6 = Interleukin-6, JNK = c-Jun N-terminal kinase, MyD88s = Myeloid differentiation primary response 88 (short isoform), NAC = N-acetylcysteine, NF-κB = Nuclear factor kappa-light-chain-enhancer of activated B cells, NO = Nitric oxide, NTHi = Nontypeable Haemophilus influenzae, OMP P2 = Outer membrane protein P2, OMV = Outer membrane vesicle, PDE = Phosphodiesterase, PilA = Type IV pilus subunit A, PYRRO-C3D = Cephalosporin-3′-diazeniumdiolate nitric oxide donor prodrug, RCT = Randomised Controlled Trial, RTIs = Respiratory Tract Infections, SPM = Specialised Pro-resolving Mediators, sIgA = Secretory Immunoglobulin A, TNF-α = Tumour Necrosis Factor-alpha.


