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ABSTRACT 

 The genetically and phenotypically diverse bacterium nontypeable Haemophilus 

influenzae (NTHi) is a leading cause of otitis media (OM). This disease affects children 

around the world. Treatment is complicated by the ability of the bacteria to form biofilms 

in which they are more tolerant to antimicrobials. Developing a better understanding of 

biofilm antibiotic resistance and possible roles for cell-cell communication may lead to 

new therapeutic options. While many fascinating findings come from studies using NTHi 

lab strains, the results from any one strain do not necessarily represent the entire 

population. 

 In this study, we assessed the role of autoinducer-2 (AI-2) quorum signaling in 

two NTHi clinical strains. Previous work using the lab strain 86-028NP revealed a role 

for AI-2 in biofilm formation, phosphorylcholine expression, passive protection in mixed 

biofilms, and persistence in vivo. We generated luxS mutants in clinical strains Otis2 and 

Otis11, which demonstrated a loss of AI-2 production. A small, yet significant decrease 

in continuous flow biofilm formation was observed for Otis2 luxS, but there was no 

phenotypic difference for Otis11 luxS. Incorporation of phosphorylcholine into surface 

lipooligosaccharides and the ability to passively protect Moraxella catarrhalis from 

antibiotics were not dependent on AI-2. Finally, Otis2 luxS and Otis11 luxS were able to 

persist in the chinchilla model of OM to the same degree as their parental strains. Based 

on these results we concluded that the role of quorum signaling in NTHi may be strain 

dependent. 
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 Next we addressed the hypothesis that NTHi strains forming thick or dense 

biofilms would be more resistant to clearance by antibiotics than strains forming thin, 

sparse biofilms. Static biofilm assays were used to characterize and rank NTHi clinical 

strain biofilms based on total biomass, bacterial biomass, and average thickness. Biofilms 

were treated with clinically relevant antibiotics, which revealed that biofilm size is not a 

determinant of the ability to resist antibiotic-mediated eradication. 
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INTRODUCTION 

Otitis media 

Otitis media (OM), or inflammation of the middle ear, is one of the most 

pervasive diseases of childhood. With more than 2.2 million cases occurring annually, a 

majority of children suffer from at least one case of OM by the age of three [1, 2]. OM is 

the primary cause for doctor visits and antibiotic prescriptions for children, as well as the 

leading reason for missed work days, resulting in costs of over $4 billion a year in the 

United States [1, 3]. If an episode of OM occurs during the first six months of a child’s 

life, the child will likely suffer from subsequent recurrent or chronic infections [4]. 

Factors that may predispose a child to developing OM include allergies, being in daycare, 

and living with siblings [5]. The anatomy of the Eustachian tube in infants is also an 

important determinant of disease. A child’s Eustachian tube is shorter, narrower, and 

horizontal in comparison to an adult’s, facilitating the movement of fluids and bacteria 

from the nose to the ear; but as the child matures, the tube elongates and becomes more 

angled [6]. Potential complications associated with OM include hearing difficulties and 

delayed development of speech [3, 4]. 

Based on epidemiological data, the three principal bacterial agents that cause OM 

are nontypeable Haemophilus influenzae (NTHi), Streptococcus pneumoniae, and 

Moraxella catarrhalis, which are also common colonizers of the human nasopharynx [7]. 

Other species associated with OM include Staphylococcus aureus and Alloiococcus 

otitidis [8, 9]. The frequency of each pathogen causing OM has fluctuated over time and 

may vary from region to region. NTHi has emerged recently as the dominant etiological 
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agent [4, 8, 10]. This is partially due to the use of the pneumococcal conjugate vaccines 

(PCVs), which have greatly reduced the occurrence of certain pneumococcal strains 

associated with disease [11]. OM may result due to a single infectious agent; however, it 

typically follows cases of viral upper respiratory tract infections (e.g., respiratory 

syncytial virus, adenovirus, or human bocavirus) and may occur as a polymicrobial 

infection with other bacterial species [4, 12-14]. 

For bacteria to colonize the middle ear space, a prior inflammatory event 

generally must take place causing Eustachian tube dysfunction. This results in impaired 

ciliary action, accumulation of mucus, and closing of the Eustachian tube. Negative 

pressure and mucus build-up in the middle ear consequently facilitate the movement of 

nasopharyngeal bacteria to the middle ear space where the bacteria can establish an 

infection [4, 6]. An inflammatory response thus occurs, featuring an influx of neutrophils 

and generation of hallmark symptoms of acute otitis media (AOM).  

Once an infection has been established, it typically presents as an acute infection 

from which a young child may suffer pain, fever, and hearing loss. AOM is diagnosed 

based on visualization of the tympanic membrane. Examination by otoscopy can reveal 

symptoms that include fluid build-up, thickening and bulging of the tympanic membrane, 

and redness due to inflammation [14]. In contrast, a child may develop otitis media with 

effusion (OME), which does not induce the pain and inflammatory symptoms associated 

with AOM. Effusion is present behind the membrane however, which may cause hearing 

problems. OME may occur on its own or it can persist after a case of AOM clears, and 

may or may not be associated with the presence of bacteria in the middle ear [4]. 

Tympanocentesis is a procedure by which a needle is used to remove effusion through the 
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tympanic membrane, relieving fluid build-up and pressure. This practice allows for 

determination of the etiological agent by culture or molecular methods. Despite its utility, 

tympanocentesis is generally only performed in severe cases when prior empirical 

treatment has repeatedly been unsuccessful. 

Antibiotic therapy is the recommended treatment for OM, with high-dose 

amoxicillin (80-90 mg/kg/day divided twice daily) being the first-line prescription [14]. 

With the exact microbial cause of infection typically remaining undetermined, the 

recommendation is made based on reported bacteriologic and clinical efficacy against the 

three primary bacterial agents, as well as drug safety and cost. Clinical point-of-care 

guidelines present additional recommendations for alternative antibiotics and situations 

involving more severe infections or treatment failure (Table 1). Alternative drug options 

are generally limited to the addition of clavulanate (a β-lactamase inhibitor) to 

amoxicillin, and third-generation cephalosporins (e.g., cefdinir and ceftriaxone). Prior to 

2013, the macrolide antibiotics clarithromycin and azithromycin were suggested 

alternatives for patients with penicillin allergies, but studies demonstrating reduced 

efficacy of these drugs for AOM (most notably against NTHi and S. pneumoniae) led to 

their removal from clinical recommendations [15, 16]. In more severe cases of recurrent 

AOM with effusion and chronic OME, physicians may recommend placement of 

tympanostomy tubes into the tympanic membrane, allowing for fluid drainage and 

alleviation of pressure [17]. 
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Table 1. Point-of-Care Guidelines for treatment of AOM [14]. Adapted from [14]. 
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While this procedure does not preclude the possibility of subsequent infections or of the 

tubes becoming blocked, it has been shown to reduce the frequency of AOM occurrence 

and improve the patient’s quality of life [18]. 

Incidences of antibiotic failure and relapse are declining as diagnostics become 

more rigorous, with one study by McGrath et al. showing that by 2011 only 9.6% of 

children with AOM required an additional course of antibiotics after initial treatment [19, 

20]. Part of the challenge of treating OM is the rise in antibiotic resistance. While some S. 

pneumoniae antibiotic resistant isolates may not be as prevalent now due to the use of 

PCVs, many NTHi and M. catarrhalis strains produce a β-lactamase, an enzyme that 

degrades β-lactam antibiotics. Therefore, if clavulanate is not used in the initial therapy, 

additional courses of antibiotics may be required to treat recalcitrant infections [20]. 

Furthermore, OM is associated with the formation of biofilms in the middle ear, which 

increases the antibiotic tolerance of the bacteria living in the surface attached 

communities [21, 22].  

Biofilms 

Many bacteria are able to establish groups called biofilms. These communities of 

bacteria are defined by their attachment to biotic or abiotic surfaces and are surrounded 

by extracellular polymeric substances termed the matrix. They are often polymicrobial in 

nature due to the abundance of bacterial species in various niches. Biofilms are a 

significant environmental and health burden. Particular challenges faced in treating 

biofilm-associated diseases include the enhanced tolerance to antimicrobials and evasion 

of the host immune system that are characteristic of bacteria living in a biofilm. This 
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lifestyle not only offers protective benefits to the cells, but also puts bacteria in close 

proximity facilitating exchange of genetic material [23].  

The lifecycle of a biofilm is generally described in multiple stages (Figure 1) [24, 

25]. First bacteria must attach to a surface. Loose, reversible attachments occur initially, 

followed by more secure adhesion via bacterial surface polysaccharides, adhesins, and 

other surface-associated moieties. Next, a microcolony is established once a small 

aggregate of cells has permanently attached; this microcolony develops into a mature 

biofilm as bacteria proliferate and the extracellular matrix substances accumulate. 

Finally, dispersal can occur where bacteria may break away as single cells, in clumps, or 

the entire biofilm may move from the surface. This may be an internal mechanism of 

enabling cell turnover during the life of the biofilm, or as a way to release bacteria for 

colonization elsewhere. External factors such as shear forces can cause detachment of 

biofilm bacteria as well.  

The exact constituents of biofilm matrices are species-dependent. Broadly they 

consist of polysaccharides, proteins, and DNA [26]. Diverse arrays of exopolysaccharides 

are common in many species’ biofilms. Most famously, the well characterized biofilms of 

Pseudomonas aeruginosa feature the exopolysaccharides alginate, Pel, and Psl, that are 

major contributors to biofilm formation and structure [27]. Enzymatic and structural 

proteins may be found in biofilm matrices. Enzymes may have a role in maintenance of 

the structure, aid in dispersal, or could function as virulence factors. Structural proteins 

can provide crosslinks between bacteria and other matrix components. Biofilm associated 

proteins (Bap) and Bap family proteins are surface proteins implicated in biofilm 
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Figure 1. Stages of biofilm formation. Planktonic bacteria attach to a surface. Then 

microcolonies of attached bacteria mature into a biofilm with a polymeric matrix. Finally, 

biofilm bacteria can disperse back into the planktonic state. 
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formation for S. aureus and other species [28]. Additionally, pili, flagella, and fimbriae 

can provide structure in the biofilms of bacteria such as P. aeruginosa, Salmonella 

typhimurium, and NTHi [26, 29]. In some species, extracellular DNA (eDNA) is a 

significant component of the matrix; it may be actively secreted from bacteria in a 

biofilm or may be the result of cell lysis. Networks of eDNA throughout the matrix 

connect bacteria to one another. Water channels may also exist throughout the biofilm 

matrix, providing pathways for efficient exchange of nutrients and waste products [24].  

Biofilms are heterogeneous populations with variations in the microenvironment 

and the physical state of the bacteria [30]. Cells exist at different stages of growth 

depending on their location within the biofilm. Bacteria on the surface, where oxygen and 

nutrients are readily available, tend to be actively growing. Below the surface layer, 

bacteria may be in a more oxygen deplete environment, but still have access to nutrients. 

In the deeper layers of the biofilm the nutrient and oxygen availability is extremely 

limited or nonexistent; therefore, these bacteria mostly live in a state of slow- or non-

growth. However, biofilm structures are not always evenly stratified. Water channels and 

aggregates of cells or matrix components can create gradients and pockets of high or low 

oxygen and nutrient supplies throughout the community. The mixed environment results 

in a combination of active and dormant cell populations with heterogeneity in gene 

expression. 

Biofilm-resident bacteria have been noted to be more tolerant to antimicrobials 

than planktonic bacteria. This resistance is distinct from the genetic mutations and efflux 

pumps that commonly enable some planktonic bacteria to survive treatment, and often 
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results in minimum inhibitory concentrations (MICs) 10-1000x higher in biofilms than 

planktonic cells [23, 31].  

Many mechanisms of tolerance in biofilms have been proposed and may vary 

from species to species. One possible mechanism is limited penetration or diffusion of an 

antimicrobial through the biofilm structure. While the size of some macromolecules (e.g., 

antibodies) may thwart biofilm entry, for a majority of antibiotics, prevention of the drug 

from breaching the surface layer of the biofilm appears to only occur when bacteria are 

actively impeding drug entry [24]. For example, production of β-lactamase, an enzyme 

that cleaves β-lactam antibiotics, can break down antibiotics such as amoxicillin, 

preventing them from permeating further into the biofilm [32, 33]. However, not all 

species have such enzymatic guards. Methods of modeling diffusion through biofilms 

have demonstrated that nonreactive low molecular weight antimicrobials may not 

experience transport resistance through some species’ biofilms [34, 35]. The extracellular 

matrix may be able to sequester or impair some antimicrobials from reaching their targets 

based on other characteristics such as charge. Cationic antimicrobials, such as 

aminoglycosides, have been shown to bind to negatively charged extracellular matrix 

components [36]. While this may not inactivate the antimicrobial or completely impede 

its action, it could create a delay allowing time for other resistance mechanisms to be 

enacted [37].  

Reduction of the growth rate/metabolic state of the bacteria is another possible 

mediator. This could result from the heterogeneity of the microenvironment, and the 

ensuing stress responses to oxygen and nutrient limitation [36, 38, 39]. Many antibiotics 
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are most effective against rapidly growing bacteria, therefore living in a state similar to 

stationary phase or of non-growth can prevent the drugs from their target action [40].  

Another potential mechanism involves the presence of a subpopulation with a 

specific, highly antimicrobial resistant phenotype known as persister cells. Studies have 

determined that ~1% of cells in culture develop into persister cells by stationary phase, 

and that these dormant cells display an increased lag time before resuming growth 

compared to normal dividing cells [41-43]. It has been proposed that antimicrobials that 

are effective against both actively dividing and slow/non-growing bacteria should be able 

to clear biofilm bacteria, leaving only a small population of persister cells that are 

surrounded by the biofilm matrix and thus protected from the host immune system. These 

persisters are consequently able to resume growth and reestablish the biofilm, enabling 

persistent infections [41, 44].  

The biofilm extracellular matrix appears to be a significant factor in evading the 

host immune response, especially against phagocytosis and antibodies [23]. Human 

leukocytes have been observed to adhere to and penetrate Staphylococcal biofilms; 

however, phagocytosis of S. aureus biofilm bacteria is inhibited [45]. Additionally, an 

essential biofilm polysaccharide, called polysaccharide intercellular adhesin (PIA) 

specifically was found to prevent phagocytic and antimicrobial peptide action against 

Staphylococcus epidermidis biofilms [46]. There may be a physical barrier in the case of 

some species’ biofilms. Neutrophils are able to settle on the surface of P. aeruginosa 

biofilms, where they can engulf planktonic bacteria released from the biofilm, but not 

bacteria living in the biofilm [47].  
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The contribution of biofilms to human disease is immense. Most bacteria are able 

to form biofilms given the appropriate conditions. The aforementioned mechanisms of 

antimicrobial tolerance and immune evasion result in biofilm infections being refractory 

to treatment. Biofilms are prominent culprits of nosocomial infections, particularly due to 

their growth on medical devices such as catheters, stents, and orthopedic devices. S. 

epidermidis and S. aureus, which can exist as commensal skin organisms, are two species 

most frequently associated with medical device related infections [48]. 

Immunocompromised individuals are extremely susceptible to hospital-acquired 

infections. A significant burden for cystic fibrosis patients is colonization and persistent 

infection by P. aeruginosa and other respiratory pathogens [49]. Other examples of 

biofilm associated infections include: dental caries, urinary tract infections, chronic 

wound infections, and chronic OM. NTHi biofilms have been observed in both the 

middle ears of children with OM and in middle ear studies using the chinchilla model of 

OM [21, 22].  

Nontypeable Haemophilus influenzae 

H. influenzae is a small, Gram negative coccobacillus. It is a fastidious, 

facultative anaerobe that requires the addition of hemin (factor X) and nicotinamide 

adenine dinucleotide (NAD) (factor V) for growth. Encapsulated H. influenzae are 

categorized into six different serotypes based on their polysaccharide capsule. The type B 

encapsulated strain historically has been the most problematic, causing highly virulent 

diseases such as meningitis and pneumonia. However, since the routine use of the H. 

influenzae type B (Hib) vaccine began in 1990, incidence of disease due to Hib has 

decreased immensely [50]. Now the most prevalent H. influenzae strains are the 
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unencapsulated or nontypeable strains—NTHi. As a human commensal, NTHi colonizes 

the nasopharynx of 25-81% of children, depending on factors such as antibiotic use and 

daycare attendance [51, 52]. It can cause opportunistic infections, usually associated 

with, or following, other inflammatory events (e.g., viral infections or allergies). NTHi is 

a primary cause of OM, as well as chronic obstructive pulmonary disease exacerbations, 

sinusitis, conjunctivitis, and bronchitis. 

NTHi is an extremely diverse organism, both genetically and phenotypically, with 

most clinical isolates being distinctive from one another [52-54]. The species has been 

proposed to have a supragenome that consists of all potential genes for the population; 

however, no individual strain will have every gene in the supragenome [55]. About 75% 

of a given isolate’s genome will be made up of its core genes, which tend to be consistent 

among all strains, while the remaining gene content may vary from strain to strain [56]. 

This genetic variation is promoted by the natural competence of NTHi, whereby DNA 

fragments obtained by natural transformation can be incorporated into the chromosome 

by homologous recombination [57]. The presence of NTHi-specific uptake signal 

sequences on these DNA fragments allows for trading of various genes among NTHi 

strains [58].  

Phenotypic diversity also exists among NTHi strains. Antigenic heterogeneity of 

surface features such as outer membrane proteins (OMPs) and lipooligosaccharides 

(LOS) plays an important role in colonization and host immune evasion [59]. Phase 

variation in genes for LOS biosynthesis and others occurs by slipped-strand mispairing. 

Mispairing at short tandem repeats in a gene creates a frame shift, resulting in a 

translational switch for protein expression. Several genes involved in LOS biosynthesis 
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utilize this mechanism, one of which is licA. Part of the lic1 locus, licA encodes a choline 

kinase, and along with licB, licC, and licD enables the incorporation of 

phosphorylcholine (PCho) from the environment onto the LOS [60]. Expression of PCho 

has been shown to be important for NTHi colonization and biofilm maturation [61-65]. 

In order for NTHi to colonize the human nasopharynx, it must adhere to the host 

mucosal epithelium while avoiding clearance by mucociliary action and the host immune 

response [56]. Bacteria take advantage of the disruption of ciliated cells and the 

breakages in the epithelial layer often generated by chronic inflammation or viral 

infections, enabling them to bind to the surface or even in the cellular junctions. 

Adhesion to epithelial cells, mucin, and extracellular matrix proteins is mediated by a 

variety of bacterial adhesins including Protein F, OMP P5, Haemophilus adhesion and 

penetration protein (Hap), high molecular weight proteins 1 and 2 (HMW1/HMW2), Hia, 

pilin protein, and PCho decorated LOS [29, 61-63, 66-71]. NTHi must then defend 

against the resulting immune response, since many of the factors involved in adhesion are 

also immunogenic. The significant antigenic heterogeneity of these surface components 

contributes to immune evasion. Depending on the LOS structure, C-reactive protein can 

bind PCho, inducing complement-mediated killing [61, 72]. However, the addition of 

PCho to LOS reduces antibody-dependent complement-mediated killing, increases 

structural integrity of the outer membrane, and induces a weaker inflammatory response 

than PCho-negative cells [73, 74]. PCho and sialic acid both have to be acquired from the 

environment, namely from host cells, to be incorporated onto the LOS structure. This can 

serve as a method of host mimicry to aid in protection. Additionally, NTHi are able to 

invade host cells and survive intracellularly [75]. Once the bacteria have initially 
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colonized, formation of biofilms can add a greater level of protection. Colonization by a 

particular strain generally resolves in about three months, after which the person may 

remain uncolonized or a new strain may replace the previous one; colonization by more 

than one strain at a time is also possible [53]. 

The biofilm lifestyle is important for NTHi, particularly in the case of OM 

infections. While the bacteria do not express any highly virulent factors, such as the 

polysaccharide capsule of H. influenzae type B, the formation of the bacterial community 

facilitates persistence and protects the bacteria from clearance by antimicrobials and the 

immune system. The exact mechanism of NTHi biofilm formation has not yet been 

elucidated; however, many factors have been described that contribute to biofilms and the 

establishment of OM infections. In some strains of NTHi, biofilm formation and 

persistence in vivo may be partially regulated by autoinducer-2 (AI-2) quorum signaling 

[76, 77]. As mentioned above, PCho expressing variants are associated with colonization. 

They have also been shown to be important for in vitro and in vivo biofilm maturation 

[64, 65]. However, the degree of biofilm formation in vitro does not appear to correlate 

with the amount of PCho incorporation [78]. Like PCho, sialic acid can be scavenged 

from the environment and incorporated onto the LOS, which has been demonstrated to 

promote biofilm formation [79, 80]. In addition to LOS being expressed on the outer 

membrane, the endotoxin can be secreted as a part of the biofilm matrix, predominantly 

at the base of the structure [81]. NTHi does not produce a specific extracellular matrix 

polysaccharide as many species do [26, 27]. Instead its matrix consists primarily of 

proteins and eDNA. The autotransporter Hap and Type IV pilin protein (Tfp), in addition 

to facilitating epithelial adhesion, are important for biofilm formation and have been 
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observed within biofilm extracellular matrices [29, 67, 68, 82, 83]. Recently, a study 

revealed that treatment of NTHi biofilms with antibody against recombinant, soluble PilA 

(the major Tfp subunit) resulted in dispersal of the biofilm bacteria, thus highlighting its 

significance in biofilm structure [84]. HMW proteins on the surfaces of bacteria within 

the biofilm can cross-link cells within the structure [81]. eDNA has been visualized in the 

matrices of biofilms removed from chinchillas infected with NTHi [83]. Long, rope-like 

stretches of double-stranded DNA serve as structural support for the biofilm, and at the 

cross-points of these eDNA webs, the DNABII protein integration host factor (IHF) has 

been observed. Anti-IHF antibody treatment of established biofilms causes the structure 

to collapse, releasing planktonic bacteria that are more susceptible to antibiotics [85, 86]. 

One possible source of eDNA is lysed bacteria within the biofilm; but, it could also be 

actively secreted, providing genetic material potentially for horizontal gene transfer [23, 

83]. In vivo, the matrix eDNA could be a contribution of the host as well. Neutrophil 

DNA laced with histones and elastase has been observed in chinchilla middle ear 

biofilms, suggesting the formation of neutrophil extracellular traps (NETs). Although the 

intention of NET formation may be to kill the bacteria, the release of the neutrophil 

contents appears to have no bactericidal effect on NTHi [87]. Thus, the presence of 

eDNA and proteins has a demonstrated function in the stability and resistance to 

antimicrobials of NTHi biofilms. Disruption of the polymeric matrix with Proteinase K, 

DNase I, or EDTA was shown to increase sensitivity to biocides such as the detergent 

sodium dodecyl sulfate, and the antibiotics ampicillin and ciprofloxacin [88, 89].  

As with other phenotypic aspects mentioned, the degree of NTHi biofilm 

formation can vary from strain to strain [90]. This may be partly mediated by the relative 
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contribution of the many adhesins and other biofilm-associated factors that have been 

described. The bacteria within NTHi biofilms are likely living in a reduced metabolic 

state as has been described for many species [37]. A proteomic analysis of NTHi strain 

2019 revealed down regulation of proteins involved in metabolism, aerobic respiration, 

and protein synthesis in biofilm bacteria compared to planktonic cells [91].  

In addition to living in a biofilm to guard against antimicrobial-mediated killing, 

some NTHi strains possess genetic mechanisms of resistance that can protect actively 

growing planktonic cells. Evolving methods to avoid killing by β-lactam antibiotics is 

important for the survival and persistence of NTHi, especially since the recommended 

treatment for OM is amoxicillin [14]. These drugs disrupt cell wall synthesis by targeting 

penicillin binding proteins (PBPs), resulting in cell lysis; they are most effective against 

actively growing bacteria. The primary mechanism NTHi has in place to resist β-lactams 

is the production of β-lactamase. These enzymes inactivate the antibiotics by hydrolysis 

of the β-lactam ring. Depending on the geographic region, approximately 10-25% of 

NTHi strains have plasmid-encoded β-lactamase [92]. Strains producing the enzyme can 

easily be detected using nitrocefin hydrolysis disk tests, and can subsequently be treated 

by the addition of a β-lactamase inhibitor (e.g., clavulanate) to the β-lactam antibiotic 

[93]. Third-generation cephalosporins, which are classified as β-lactams and are 

recommended for OM therapy, are less susceptible to β-lactamases. β-lactamase negative 

ampicillin resistant strains, which have amino acid alterations in PBP3 that result in 

reduced binding affinity, are emerging primarily in Japan and neighboring countries [92, 

93]. Spread of these strains, and even rarer strains that produce β-lactamase and have 

reduced susceptibility due to PBP3 mutations, may create more challenges for treating 
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NTHi in the future. Macrolide antibiotics were previously recommended for OM 

treatment, and may still be prescribed for other upper respiratory tract infections 

concurrent with OM [14]. These drugs, such as clarithromycin and azithromycin, target 

protein synthesis. While macrolide susceptible NTHi strains exist, most strains 

constitutively express an AcrAB-TolC drug efflux pump which is effective against 

macrolides but not β-lactams, fluoroquinolones, and other antibiotics [94]. Some strains 

may also acquire mutations in 23S rRNA or ribosomal proteins L4 or L22, rendering 

them less susceptible [95]. Additional resistance mechanisms exist in NTHi for 

antibiotics less clinically relevant for OM such as tetracycline, quinolones, and 

chloramphenicol [93]. 

  Clinical in vitro tests for antimicrobial susceptibility, like the MIC assay, 

determine the concentration of antibiotic required to prevent proliferation of planktonic 

bacteria. NTHi, as one of the leading causes of OM, may be treated with antibiotics 

without first evaluating the causal strain’s susceptibility profile. In addition to molecular 

resistance mechanisms, the bacteria are thought to establish biofilms in the middle ear, 

thus increasing bacterial tolerance to therapy. Despite orally administered antibiotics 

being able to reach at least MIC levels in the middle ear space, concentrations 100x the 

MIC or more (which are often required to eradicate biofilm bacteria) are not achievable 

and may be toxic to the host [96]. These challenges call for new antimicrobials and 

alternative approaches to therapy. 
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Quorum Signaling 

Numerous species of bacteria are known to utilize a system of cell-cell 

communication known as quorum signaling. This “bacterial cross-talk” via density-

dependent production and response to a small molecular signal results in changes in gene 

expression in the bacteria involved. It is a method of regulating group behaviors such as 

virulence factor expression and biofilm formation. There may be many types of quorum 

signaling pathways, however, three have been well characterized: acyl homoserine 

lactones (AHLs), autoinducing peptides (AIPs), and autoinducer-2 (AI-2). 

AHLs are intraspecies signals used by Gram negative bacteria. They are typically 

made of homoserine lactone rings with acyl chains that vary in length depending on the 

species. The prototypical signaling system consists of a LuxI synthase and a LuxR 

receptor. AHL signaling was first described in the marine organism Vibrio fischeri. In 

these bacteria the AHL is freely diffusible, and at high cell density LuxR is bound by the 

AHL and acts as a transcriptional activator of the luciferase operon, generating 

bioluminescence [97]. LuxI/LuxR-like systems are common in many species that utilize 

AHL signaling. In P. aeruginosa, the LasI/LasR-RhlI/RhlR system is a LuxI/LuxR-like 

system that is used to regulate biofilm formation and virulence factor production [98]. 

Vibrio harveyi and Vibrio cholerae, while related to V. fischeri, do not have the canonical 

LuxI/LuxR, but instead have multiple converging quorum signaling pathways. V. harveyi 

synthesizes three signals: the AHL 3OHC4-HSL, called HA-1 or AI-1, is produced by 

LuxM and detected by LuxN; AI-2 is produced by LuxS and detected by LuxP/Q; and 

Cholerae autoinducer-1 (CAI-1) is produced by CqsA and detected by CqsS [97]. Signals 

from the three receptors meet at LuxO, which ultimately signals to LuxR, the regulator of 
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over 100 genes including luciferase [97, 99, 100]. V. harveyi strains have been 

successfully utilized as bioluminescent reporters for measuring AI-2 quorum signal levels 

produced by other species [101]. 

AIPs are modified oligopeptide signals used by Gram positive bacteria and are 

also species specific. One example is the S. aureus accessory gene regulator (agr) system. 

The signal is an eight residue AIP, which at a threshold concentration binds a surface 

histidine kinase receptor that triggers a signal transduction cascade [102]. AIP signaling 

has been implicated in the expression of proteases and toxins, as well as regulating 

biofilm detachment in S. aureus [98]. 

The interspecies quorum signal AI-2, the “universal quorum signal,” is proposed 

to be used by many species. Currently, this is the only quorum signaling pathway known 

to be used by NTHi. The AI-2 pathway was initially studied in V. harveyi, and has since 

been well characterized in E. coli, S. typhimurium, and Aggregatibacter 

actinomycetemcomitans [97, 100].  

Homologs of luxS, the gene responsible for AI-2 synthesis, have been identified in 

over 500 bacterial genomes [100]. The gene product LuxS is an enzyme involved in the 

activated methyl cycle (AMC), a metabolic cycle found in most bacteria that is important 

for generation of the methyl donor s-adenosyl-methionine (SAM) and recycling of the 

toxic product s-adenosyl-homocysteine (SAH) [103]. LuxS breaks down the intermediate 

s-ribosyl-homocysteine (SRH) into homocysteine and 4,5-dihydroxy-2,3-pentanedione 

(DPD) [104]. DPD then spontaneously cyclizes in solution into the various conformations 

of AI-2 which exist in equilibrium. Figure 2 shows the AMC and the transition of DPD to  
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Figure 2. The activated methyl cycle and AI-2 production [105]. LuxS yields 

homocysteine and DPD from SRH. DPD spontaneously cyclizes into various forms of 

AI-2. 
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the various AI-2 structures. Specific forms of AI-2 are recognized by different species. V. 

harveyi binds the furanosyl borate diester form of AI-2, while (2R,4S)-2-methyl-2,3,3,4-

tetrahydrotetrahydrofuran (R-THMF) has been identified as the form recognized by E. 

coli and S. typhimurium [106, 107]. The AI-2 structure bound by NTHi is not yet known. 

A few methods of responding to AI-2 have been described. As mentioned above, 

the LuxPQ two-component system is responsible for AI-2 detection, but only in Vibrio 

species [105]. Additionally, the Lsr system in E. coli and S. typhimurium, and both the 

Lsr and Rbs systems in A. actinomycetemcomitans have been characterized. They differ 

from LuxPQ in that they involve internalization of the signal instead of signal 

transduction from a receptor. The lsr operon has been shown to be induced by AI-2. The 

operon encodes an ABC-transporter and a periplasmic binding protein LsrB that binds 

AI-2 [108]. The signal is internalized through the transporter and phosphorylated by 

LsrK. Phosphorylated AI-2 inactivates the repressor, LsrR, and induces transcription of 

the operon; this becomes a positive feedback loop as cell density and thus AI-2 

concentration increases [109]. Phospho-AI-2 is further processed by LsrG and LsrF so 

that it is not able to continuously interact with LsrR [110, 111]. The oral bacteria A. 

actinomycetemcomitans possesses an lsr operon that is similar to that seen in E.coli and 

S. typhimurium, but also expresses RbsB which is similar to a component of the rbs 

ribose transporter operon in E. coli. AI-2 was found to bind LsrB and RbsB with 

differential affinity and specificity; disruption of the transporters individually reduced the 

rate of AI-2 uptake while inactivation of both proteins eliminated internalization of AI-

2[112].  
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Signaling via AI-2 plays an important role in the pathogenesis of many 

organisms. For E. coli, AI-2 contributes to regulation of biofilm formation [113, 114]. 

Flagella and pathogenicity island expression in S. typhimurium is controlled by the 

induction of the lsr operon, affecting its invasiveness [115]. A. actinomycetemcomitans 

experiences significantly reduced virulence and biofilm formation with disruption of AI-2 

binding proteins and downstream signaling/processing components [116-118]. In V. 

harveyi, AI-2 signaling impacts type III secretion, bioluminescence, and changes in 

colony morphology, while a decrease in toxin expression and biofilm formation are 

associated with AI-2 signaling in V. cholerae [100]. These effects on virulence present 

quorum signaling as a great target for therapeutic inhibition. However, different species 

and even different strains within a species should be thoroughly examined prior to 

making the generalization that quorum signaling plays a significant role. Indeed, there are 

some species of bacteria possessing luxS homologs in which the role of AI-2 in 

pathogenesis is less certain or nonexistent. In some bacteria, AI-2 may simply be a 

metabolic byproduct and not a signal [105, 119]. Deletion of luxS in Streptococcus 

sanguinis resulted in a biofilm defect; however, complementation by adding exogenous 

AI-2 could not restore the phenotype. Only when the AMC was repaired in a way that 

bypassed LuxS could the wild type phenotype be restored, thus revealing that the biofilm 

defect was due to metabolic disruption [120]. In Campylobacter jejuni, the phenotypes 

observed for various luxS mutants depended on the strain background used and the 

experimental conditions, such as type of culture media or the method of mutant 

generation [121]. Analysis of the genomes of E. coli clinical strains revealed that while 

all strains encoded luxS, many of them did not have a complete lsr operon, thus affecting 
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their ability to internalize AI-2; it appears there is a balance of natural selection for and 

against the mutations [122]. This leads to the concept of “social cheaters” which have a 

fitness advantage for not producing the signal but can obtain it from surrounding 

producers; to counter this there may also be members of the bacterial community that 

produce the signal but do not take it up in an effort to reap the benefits of group behaviors 

(e.g., biofilm formation) generated by other cells responding to the signal [122, 123].  

An ideal bacterial candidate for quorum signal inhibitors would have aspects of its 

pathogenesis significantly regulated by quorum signaling. Inhibition can be directed at 

various stages in the pathway: disruption of signal production; sequestration or 

degradation of the signal itself; or prevention of the signal response by competitive 

binding of another molecule, or interference in the ability to take up or process the signal 

[124, 125]. An example of a successful quorum signal inhibitor is isobutyl-DPD (a C1-

alkyl AI-2 analog), which is capable of inhibiting biofilm maturation and clearing 

established biofilms in E. coli [126]. The disruption of established biofilms is clinically 

relevant in that treatment of biofilm-associated infections typically occurs once the 

biofilm has already formed. The use of quorum signal inhibitors alone or in conjunction 

with antibiotics could be a promising new approach to therapeutics. 

The role of AI-2 quorum signaling in NTHi has been previously addressed by the 

Swords lab and others. Daines et al. identified luxS in H. influenzae strain Rd KW20 and 

other clinical isolates, which when mutated resulted in decreased levels of AI-2 [127]. 

They went on to demonstrate similar biofilm phenotypes between strain R3157 and its 

luxS mutant, a strain-dependent and tissue culture cell type-dependent increase in 

invasiveness of luxS mutants, and a greater inflammatory response in chinchillas infected 
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with a luxS mutant compared to its parental strain [127]. Subsequent studies on quorum 

signaling in NTHi were performed using the established lab strain 86-028NP. Armbruster 

et al. demonstrated the ability of 86-028NP to produce AI-2 via LuxS. Disruption of the 

luxS gene resulted in a significant biofilm defect in vitro, reduced levels of PCho 

expression on the bacterial LOS, and a persistence defect in the chinchilla model of OM 

[76]. 86-028NP was seen to provide AI-2 dependent protection against antibiotics to M. 

catarrhalis in polymicrobial biofilms [128]. Additionally, RbsB was demonstrated to be a 

periplasmic binding protein in 86-028NP that facilitates depletion of AI-2; mutation of 

rbsB resulted in similar phenotypes to those observed for the luxS mutant [77]. These 

studies combined suggest that quorum signaling may have a role in NTHi pathogenesis.  

Statement of Research Purpose 

The research presented here focuses on clinical isolates of NTHi and the diversity 

of their phenotypes related to quorum signaling, biofilm formation, and antibiotic 

resistance. We first wanted to determine if AI-2 production plays a role in biofilm 

formation, PCho expression, passive protection, and in vivo persistence for two NTHi 

clinical strains. This would inform us as to whether quorum signal production is as 

important for these clinical isolates as it was previously found to be for lab strain 86-

028NP. We then asked if there is a relationship between biofilm size as measured by 

biomass and thickness, and the ability to resist eradication by antibiotics. This was tested 

by characterizing the biofilms formed by eight NTHi clinical isolates and measuring their 

responses to treatment with four clinically relevant antibiotics. 
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Introduction 

Many bacteria are able to perform synchronized group behaviors using a method 

of cell-cell communication called quorum signaling. Small diffusible molecules are 

produced and elicit a response in a density-dependent manner, resulting in changes in 

gene expression that can regulate virulence factors, among other phenotypes [98, 129, 

130]. Autoinducer-2 (AI-2) is an interspecies quorum signal which plays a role in biofilm 

formation for several species, such as V. cholerae, E. coli, and A. actinomycetemcomitans 

[100, 112, 113, 116, 131]. Therefore, quorum signaling pathways such as these are 

attractive targets for inhibitory drugs, which could ultimately be supplemental to 

antibiotic therapy [125, 126]. 

Nontypeable H. influenzae (NTHi) is a leading bacterial cause of the childhood 

disease otitis media (OM). The ability of NTHi to establish themselves in biofilms in the 

middle ear enables the bacteria to persist in spite of antibiotic therapy [1, 4]. 

Previous work from our group demonstrated a role for AI-2 quorum signaling in 

the NTHi lab strain 86-028NP. Disruption of AI-2 production by mutation of the luxS 

gene revealed biofilm defects, decreased incorporation of phosphorylcholine (PCho) on 

to lipooligosaccharides (LOS), and decreased persistence in the chinchilla model of OM 

[76]. Additionally, passive protection of the OM pathogen Moraxella catarrhalis by 86-

028NP in the presence of antibiotic was found to be dependent on AI-2 [128]. These 

results suggested a significant role for AI-2 signaling in the pathogenesis of 86-028NP.  

However, there is high genetic diversity among NTHi clinical isolates [52, 53, 55, 

132, 133]. Therefore, in order to determine if AI-2 signaling is a suitable therapeutic 
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target for NTHi as a population, it is crucial to assess the role of AI-2 signaling in 

additional NTHi clinical strains. 

Towards this end, we have disrupted AI-2 production in two NTHi clinical 

isolates obtained from children undergoing tympanostomy tube placement in order to 

further examine the role of AI-2 quorum signaling in biofilm formation, regulation of 

LOS glycoforms, passive protection, and persistence in vivo for additional members of 

the NTHi population. 
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Methods 

Bacterial strains and culture conditions 

All bacterial strains, plasmids, and primers used in this study are listed in Table 2. 

NTHi and M. catarrhalis strains were grown in brain heart infusion (BHI) medium (BD) 

supplemented with hemin (10 µg mL
-1

; MP Biomedicals) and NAD (10 µg mL
-1

; Sigma), 

which is referred to as supplemented BHI (sBHI). 

NTHi clinical strains Otis2 and Otis11 were isolated from middle ear fluids 

obtained from children undergoing tympanostomy tube placement at Wake Forest Baptist 

Hospital. The Wake Forest Internal Review Board reviewed and approved this work as an 

exempt study using discarded tissue samples with no patient identifiers. For strain 

isolation, fluid samples were plated on sBHI supplemented with 3 mg mL
-1

 vancomycin 

(Sigma) and incubated at 37ºC and 5% CO2 overnight. A single colony was passed and 

determined to be NTHi based on colony morphology, Gram stain, and requirement for 

factors X (hemin) and V (NAD). Overnight lawns on sBHI agar were swabbed into 2x 

BHI broth and 50% glycerol to be frozen at -80ºC for future use. 

Generation of Otis2 and Otis11 luxS mutant strains 

The plasmid pUCluxS::Kn was linearized and used to naturally transform NTHi 

strains Otis2 and Otis11 as previously described, with modifications [65]. Transformants 

were plated on sBHI agar with 30 µg mL
-1

 ribostamycin (Sigma) and were incubated at 

37ºC for 24-48 hours. Colonies growing on the selective media were confirmed to carry 

the construct by PCR using LuxS verification primers. 
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Table 2. Bacterial strains, plasmids, and primers.  
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Name Description Reference 

Strains 

  NTHi Otis2 OM clinical isolate This study 

NTHi Otis11 OM clinical isolate This study 

NTHi Otis2 luxS AI-2 synthase mutant, Kan
R
 This study 

NTHi Otis11 luxS AI-2 synthase mutant, Kan
R
 This study 

NTHi 86-028NP OM isolate [134] 

NTHi 86-028NP luxS AI-2 synthase mutant, Kan
R
 [76] 

NTHi 86-028NP licD PCho transferase mutant [74] 

Vibrio harveyi BB170 AI-2 biosensor strain [135] 

Mcat 035E Moraxella catarrhalis strain [136] 

   Plasmid 

  pUCluxS::Kn luxS interrupted by Kan
R
 cassette [76] 

   

   Primer Sequence 

 LuxS Verification Forward 5’-ATGGTTCGTTATGTTGCGTTATT-3’ 

LuxS Verification Reverse 5’-TTGTTGTTTGAAAAGAGTGTTGTA-3’ 
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Vibrio harveyi Bioluminescence Assay 

NTHi strains Otis2, Otis2 luxS, Otis11, and Otis11 luxS were grown overnight on 

sBHI agar. Side arm flasks containing sBHI broth were inoculated with NTHi at a 

starting optical density at 600nm (OD600) of ~0.15. Samples (1 mL) were drawn every 

hour while growing at 37ºC, 150 rpm for eight hours. Samples were centrifuged at 13000 

rpm for 3 minutes, and cell-free supernatants were removed and stored at -20ºC until use 

in bioluminescence assays. The supernatant samples were thawed and 10 µL of each 

were added to 90 µL of diluted (1:5000) cultures of Vibrio harveyi BB170 reporter strain 

[137] in white, opaque 96-well plates (Corning) and incubated for 3 hours at 30ºC and 

100 rpm. Luminescence produced by BB170 was then measured using a POLARstar 

Omega microplate reader (BMG Labtech), and the relative light units (RLUs) were 

normalized to the OD600 at which the samples were taken. 

Crystal Violet Assay 

Otis2, Otis2 luxS, Otis11, and Otis11 luxS were inoculated to an OD600 of ~0.15 

(~1x10
8
 CFU mL

-1
). Bacterial suspension (1 mL) was added to the wells of 24-well 

plates (6 replicates per strain per time point), and were incubated for 4, 12, or 24 hours at 

37ºC and 5% CO2. At each time point, the supernatant was removed, and the biofilms 

were washed with water and stained with 0.1% crystal violet (Sigma) for 30 minutes at 

room temperature. The stain was removed and the biofilms were washed once more with 

water before being solubilized in 100% ethanol in order to measure the OD600. 
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Static Biofilms for Confocal Microscopy 

Cultures of Otis2, Otis2 luxS, Otis11, and Otis11 luxS were inoculated in sBHI to 

~1x10
8
 CFU mL

-1
 and 1 mL was seeded into Lab-TekII two-chamber no. 1.5 German 

coverglass slides (Nunc). After incubation at 37ºC and 5% CO2 for 24 hours, the 

supernatants were removed and the biofilms were washed with phosphate buffered saline 

(PBS). They were stained with LIVE/DEAD BacLight Viability Kit (InVitrogen) for 30 

minutes at room temperature. The stain was removed and 1 mL PBS was added to the 

biofilms. Z-series images of the biofilms were acquired using a Nikon Eclipse C1 

confocal laser scanning microscope (CLSM). Nikon Elements software was used to 

convert the images to TIF files, which were then analyzed with COMSTAT v.1 in 

MATLAB R2014a [138]. 

Continuous Flow Biofilms 

Overnight lawns of Otis2, Otis2 luxS, Otis11, and Otis11 luxS were used to 

inoculate flow cells (IBI Scientific) at a starting OD600 of ~0.15 in sBHI broth. Biofilms 

were grown without media flow for 3 hours at 37ºC, then for 21 hours at 37ºC with a 

flow rate of 1 mL min
-1

. After incubation, the flow was stopped, PBS was pumped 

through the flow cells to wash the biofilms, and the biofilms were stained with 

LIVE/DEAD BacLight Viability Kit (InVitrogen) for 30 minutes at room temperature. 

Image acquisition by CLSM and analysis was performed as described for the static 

biofilms. 
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Whole-bacterium ELISA 

NTHi strains grown overnight on sBHI plates were swabbed into PBS, pelleted, 

and washed twice with PBS. Bacteria were diluted to OD600 ~0.15 in sterile distilled 

water, and 100 µL of suspension was added to the wells of a MaxiSorp-coated 96-well 

microtiter plate (Nunc). The plates were then allowed to dry for ~24 hours uncovered at 

37ºC. An enzyme-linked immunosorbent assay (ELISA) was performed to detect PCho. 

The wells of the dried plate were washed 3 times with wash buffer (TSBB buffer + 1% 

bovine serum albumin (BSA)), then blocked for 30 minutes at 37ºC with TSBB + 1% 

BSA + 5% skim milk. The plate was washed 5 times, then incubated for one hour at 37ºC 

in a 100% humidity chamber with 100 µL mouse IgM HAS antibody (Statens Serum 

Institut) diluted 1:2500 in TSBB + 1% BSA. The plate was washed 3 times, and then 

incubated in the dark for one hour with 100 µL goat anti-mouse IgM horse radish 

peroxidase (HRP) conjugate (Roche) diluted 1:10000 in TSBB + 1% BSA. The wells 

were washed three times, then incubated in the dark for 15 minutes with 100 µL of 

3,3’,5,5’-tetramethylbenzidine substrate reagent (OptEIA; Becton-Dickinson). 50 µL 2N 

H2SO4 was used to stop the reaction, and then the OD450 was measured using a 

POLARstar Omega microplate reader (BMG Labtech). 

Passive Protection of M. catarrhalis 

Cultures of NTHi strains were inoculated to an OD600 ~0.15 and M. catarrhalis 

strain 035E to OD600 ~0.25 (both ~1x10
8
 CFU mL

-1
). 1:1 mixtures of NTHi and sBHI, 

NTHi and 035E, and 035E and sBHI were seeded into a 24 well plate and incubated for 4 

hours at 37ºC and 5% CO2. The supernatants were then removed and replaced with fresh 
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sBHI or sBHI with 6 µg mL
-1

 clarithromycin (Sigma). After an additional 24 hour 

incubation, supernatants were removed, and the biofilms were resuspended in PBS, 

serially diluted, and plated on sBHI for NTHi and BHI for M. catarrhalis to assess viable 

bacterial counts. 

Chinchilla Model of OM 

Healthy, adult chinchillas were obtained from Rauscher’s chinchilla ranch and 

given time to acclimate in the vivarium for at least a week before infection. Chinchillas 

were anaesthetized by isofluorane inhalation and infected by transbullar injection with 

~10
3
 CFU per ear of Otis2, Otis2 luxS, Otis11, or Otis11 luxS in PBS plus gelatin. 

Control animals were injected with just PBS plus gelatin. Animals were observed twice 

daily for signs of disease and otoscopic examination was performed every 48 hours to 

assess inflammation, tympanic membrane bulging and discoloration, and fluid 

accumulation behind the membrane. Animals were euthanized at 7, 14, 21, and 28 days 

post infection. The middle ear chambers were opened and effusion was removed, 

followed by a wash with 1 mL of sterile PBS. Bullae were removed and homogenized. 

Middle ear fluid and bullae samples were serially diluted and plated on sBHI agar with 3 

mg mL
-1

 vancomycin in order to assess bacterial load. The Wake Forest Institutional 

Animal Care and Use Committee approved these animal infection studies. 

Statistics 

Statistical analyses were performed with GraphPad Prism 5 (GraphPad Software, 

San Diego, CA). Statistical significance was determined using Kruskal-Wallis test 

followed by Dunn’s Multiple Comparisons post-test, or one-way ANOVA with Tukey 

post-test (for the PCho ELISA).  
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Results 

NTHi clinical strain luxS mutants are deficient in AI-2 production 

In order to determine if the NTHi clinical strains Otis2 and Otis11 produce the 

AI-2 quorum signal via LuxS, we generated mutants of each strain with kanamycin 

resistance cassettes inserted into the luxS gene by homologous recombination. The 

mutants’ growth curves were similar to their respective parental strains, indicating no 

growth defects (Figure 3a). Cell-free supernatants taken hourly during the growth curves 

were used to determine AI-2 levels over time using the V. harveyi bioluminescence 

reporter assay [137], in which an increase in RLUs is representative of the presence of 

AI-2. Both wild type NTHi strains, Otis2 and Otis11, induced gradual increases in light 

production, indicating the production of AI-2 peaked around late logarithmic/early 

stationary phase; this was followed by decreases in RLUs that suggest uptake of the 

signal (Figure 3b). The luxS mutants however maintained low basal levels of 

luminescence, suggesting that disruption of the luxS gene prevented production of AI-2. 

Biofilm phenotypes vary among luxS mutants 

We next wanted to assess the role of AI-2 in biofilm formation for the clinical 

strains. Previous work on the lab strain 86-028NP led us to hypothesize that the mutation 

of luxS in the two clinical strain backgrounds would result in a substantial biofilm defect. 

Static biofilms were first examined by crystal violet staining (Figure 4a). Otis2 luxS 

biofilms revealed a modest, but statistically insignificant decrease in staining at 12 hours 

compared to the parental strain; however, no difference was observed between Otis2 and  
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Figure 3. Loss of AI-2 production by luxS mutants. Cell-free supernatants were 

collected from shaking cultures of Otis2, Otis2 luxS, Otis11, and Otis11 luxS in sBHI 

broth at 37°C over an eight hour growth curve (A). The supernatants were incubated with 

V. harveyi reporter strain BB170 for three hours. Luminescence was measured as RLUs 

normalized to the OD600 at which the supernatants were taken (B). Results shown are 

from one experiment that is representative of three separate experiments. Error bars 

represent standard deviation.  
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Figure 4. Static biofilm formation does not decrease significantly for clinical strain 

luxS mutants. Otis2, Otis2 luxS, Otis11, and Otis11 luxS static biofilms were established 

for 4, 12, or 24 hours. Biofilms were stained with crystal violet and the OD600 was 

measured (A). Biofilms were also stained with LIVE/DEAD BacLight Viability Kit for 

CLSM; biomass and average thickness were quantified from z-stack images by 

COMSTAT analysis (B). Error bars indicate standard error of the mean (SEM). Statistical 

analyses were carried out by Kruskal-Wallis test followed by Dunn’s Multiple 

Comparisons test (*, p < 0.05; ***, p < 0.001).  
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Otis2 luxS at 4 or 24 hours. Contrary to our hypothesis, the Otis11 luxS mutant 

demonstrated enhanced biofilm formation at 12 (p < 0.05) and 24 hours (p < 0.001). 

Similar trends were observed for biomass and average thickness measurements of Otis11 

and Otis11 luxS static biofilms stained and imaged by CLSM and quantified by 

COMSTAT analysis (Figure 4b). Biomass and average thickness measurements showed 

little to no decrease for Otis2 luxS biofilms. 

Continuous flow biofilms add the additional variables of shear force and a 

constant supply of fresh nutrients to the system. Statistically significant decreases in 

biofilm biomass (p < 0.001) and average thickness (p < 0.05) were observed for Otis2 

luxS continuous flow biofilms compared to Otis2 (Figure 5). However, the increase seen 

for Otis11 luxS static biofilms was lost under continuous flow conditions. These results 

suggest that the role of AI-2 production in biofilm formation for these NTHi clinical 

isolates may not be consistent with what has been observed for 86-028NP. 

Expression of surface phosphorylcholine does not differ between wild type and 

mutant clinical strains 

The addition of PCho onto the LOS of NTHi has been shown to promote biofilm 

maturation [64, 65]. Whole-bacterium ELISAs were used to detect PCho expressed on 

the surfaces of the NTHi strains (Figure 6). As reported previously, 86-028NP luxS 

demonstrated a significant decrease in PCho expression compared to wild type 86-028NP 

(p < 0.001), but expression was still significantly higher than the negative control strain 

86-028NP licD (p < 0.001), which is defective in PCho incorporation. The  
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Figure 5. Continuous flow biofilm phenotypes vary among NTHi strains and their 

luxS mutants. Biofilms were established in glass flow cell chambers and grown under 

continuous flow conditions after 3 hours of initial static attachment. 24 hours after 

inoculation, biofilms were washed and stained with LIVE/DEAD stain for CLSM. 

Images were analyzed by COMSTAT to determine biomass and average thickness. Error 

bars show SEM. Significance was determined by Kruskal-Wallis test with Dunn’s 

Multiple Comparisons post-test (*, p < 0.05; ***, p < 0.001).  



45 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



46 

 

 

 

 

 

 

 

 

 

Figure 6. Cell-surface phosphorylcholine expression. Detection of surface 

phosphorylcholine was accomplished by whole-bacterium ELISA with an anti-PCho 

monoclonal antibody. 86-028NP licD served as a negative control. SEM is indicated by 

the error bars. Data were transformed by log10 to determine statistical significance by 

one-way ANOVA and Tukey post-test (***, p < 0.001).  
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luxS mutants of Otis2 and Otis11, however, revealed no difference in PCho expression 

compared to their parental strains. 

Passive protection of M. catarrhalis by NTHi clinical strains is independent of AI-2 

production 

M. catarrhalis strain 035E is unable to generate its own AI-2, yet it has the ability 

to take it up from the environment [128]. Protection of 035E from clarithromycin 

treatment by 86-028NP was shown to be dependent on the presence of AI-2 in the media 

[128]. Biofilms containing 035E alone or mixed with Otis2, Otis2 luxS, Otis11, or Otis11 

luxS were treated with 6 µg mL
-1

 clarithromycin to examine the ability of the clinical 

isolates to protect 035E with and without the ability to produce AI-2. Figure 7 shows 

decreases in 035E viable counts when treated with the antibiotic. When mixed with either 

Otis2 (Figure 7a) or Otis11 (Figure 7b), as expected 035E was rescued, although not to 

untreated levels. Despite their inability to produce AI-2, Otis2 luxS (Figure 7a) and 

Otis11 luxS (Figure 7b) provided protection to 035E equivalent to that provided by the 

parental strains. This suggests that these NTHi clinical isolates are able to protect M. 

catarrhalis strain 035E from clarithromycin treatment independent of AI-2 production. 

NTHi clinical strain luxS mutants have no persistence defect in vivo 

The chinchilla model of OM has served well as a method of examining bacterial 

persistence in the middle ear. Adult chinchillas were infected with Otis2, Otis2 luxS, 

Otis11, or Otis11 luxS by direct injection into the bullae (the middle ear space), and at 7,  
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Figure 7. Passive protection of M. catarrhalis by NTHi. Single or two-species (035E 

with Otis2 or Otis2 luxS (A); 035E with Otis11 or Otis11 luxS (B)) biofilms were 

established for four hours. Media was replaced with fresh sBHI broth with (+) or without 

(-) 6 µg mL
-1

 clarithromycin. After 24 hours, biofilms were resuspended in PBS, serially 

diluted, and plated to assess viability. M. catarrhalis 035E counts are shown with error 

bars for SEM. The dashed lines indicate the limit of detection (LOD) for countable 

colonies.  
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14, 21, and 28 days post infection the bullae and middle ear effusions, representative of 

biofilm and planktonic bacteria, respectively, were removed and processed to assess 

bacterial load. Otis2 and Otis2 luxS showed gradually decreasing bacterial counts over 

the course of the four time points; however, there were no significant differences between 

the parental and mutant strains at any time in either sample type (p>0.05) (Figure 8). 

Similarly, Otis11 and Otis11 luxS were equally persistent at each time point in both the 

bullae and MEF (p>0.05) (Figure 9). From these results, we concluded that neither luxS 

mutant had a persistence defect in vivo. 
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Figure 8. Persistence of Otis2 and Otis2 luxS in the chinchilla middle ear. Chinchillas 

were infected via transbullar route with ~10
3
 CFU per ear. At 7, 14, 21, and 28 days post 

infection, bacterial load was determined for the bullae homogenates and middle ear 

effusions. Data from two experiments combined (n=10-20 ears per time point) are 

represented by the geometric mean with 95% confidence intervals. Dashed lines show the 

LOD. Values counted as less than the LOD were plotted just below the LOD. Statistical 

analyses were done using Kruskal-Wallis test followed by Dunn’s Multiple Comparisons 

test.  
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Figure 9. In vivo persistence of Otis11 and Otis11 luxS. Chinchillas underwent 

transbullar infection with ~10
3
 CFU per ear of Otis11 or Otis11 luxS. Bullae 

homogenates and MEF were collected and plated to enumerate viable bacteria at 7, 14, 

21, and 28 days post infection. Data are shown with the geometric mean and 95% 

confidence intervals, and include results from two combined experiments (n=10-20 ears 

per time point). The LOD is represented by the dashed lines, and any values enumerated 

below the LOD were plotted just below. The Kruskal-Wallis test followed by Dunn’s 

Multiple Comparisons test were performed to assess statistical significance.  
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Discussion 

The persistence of OM infections and the challenges of treating them are often 

attributed to the ability of NTHi to form biofilms [4, 139]. The ability to communicate 

via AI-2 quorum signaling has been shown to be an important mediator of biofilm 

formation and persistence in vivo for NTHi lab strain 86-028NP [76, 77]. However, the 

results from this study further revealed the complicated nature of quorum signaling in 

NTHi by demonstrating that the phenotypes that resulted from disabling the production of 

AI-2 were not consistent among NTHi clinical isolates. 

Genes for LuxS were identified by PCR in NTHi clinical strains Otis2 and Otis11 

(data not shown). A rise and decrease over time in the level of AI-2 in supernatants 

collected from these strains, as detected by the bioluminescence assay, indicated the 

production and subsequent uptake of AI-2 (Figure 3b). Accordingly, mutation of the luxS 

genes resulted in the loss of AI-2 production. LuxS is part of a metabolic process called 

the activated methyl cycle that most bacteria use for recycling S-adenosyl-homocysteine 

[100, 104, 119]. Therefore it is important that there were no growth defects observed for 

the luxS mutants compared to their parental strains (Figure 3a).  

The role of quorum signaling in biofilm formation is varied among bacterial 

species. Synergistic regulation of biofilms and other virulence factors by multiple quorum 

signaling systems, including AI-2, in Vibrio species has been extensively characterized. 

In V. cholerae, low autoinducer levels in low cell density populations result in the 

formation of biofilms; the virulence phenotypes are then repressed as the population 

grows to a high cell density [130, 131]. For E. coli, biofilm formation is promoted as cell 

density, and hence AI-2, increases [113, 114]. The mutation of luxS in NTHi strain 86-
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028NP clearly revealed that production of AI-2 was important for formation of robust, 

mature biofilms [76]. Conversely, Daines et al. tested strain R3157 and its luxS mutant, 

and saw similar biofilm phenotypes from the two strains [127]. With our clinical NTHi 

isolates, we saw minor decreases in Otis2 luxS static biofilms, and increases in Otis11 

luxS static biofilms (Figure 4). Yet, in continuous flow biofilms, which may be more 

representative of in vivo conditions than static biofilms, the enhancement was lost for 

Otis11 luxS. The decrease in Otis2 luxS biofilm formation was more apparent under 

continuous flow conditions, reaching statistical significance (Figure 5). Nevertheless, this 

decrease was not nearly as drastic as that seen for 86-028NP luxS compared to its 

parental strain. This suggests that AI-2 production may be playing a role in the in vitro 

biofilm formation for these strains, but it does not appear to be as dramatic as for 86-

028NP.  

The in vitro differences we observed needed to be tested in vivo in order to 

provide more biological relevance. Both 86-028NP and 86-028NP luxS were previously 

shown to be able to establish infections in the middle ear of the chinchilla model of OM; 

the difference between the strains was primarily in their ability to persist, with the luxS 

mutant demonstrating significantly diminished persistence at 21 and 28 days post 

infection [76]. We performed infections with this model following the same procedure 

with Otis2, Otis11, and their luxS mutants (Figures 8 and 9). These quorum signaling 

mutants however did not display persistence defects, with bacterial loads from both 

biofilm and planktonic representative samples at each time point being similar to that of 

their respective parental strains. If the in vitro biofilms provide any indication of how 

well the strains will survive in the middle ear, then it is not surprising that we did not see 
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a difference between the parental strains and mutants. Prior work suggested that luxS 

mutants may cause more virulent infections, with greater inflammatory responses as 

demonstrated by hematoxylin and eosin staining or increased clinical signs of disease at 

earlier time points [76, 127]. The Otis2 and Otis11 luxS mutant infected animals had a 

slight tendency to display more outward signs of disease (e.g., head tilt and ataxia) and 

higher otoscopy scores (indicating fluid build-up, bulging of the tympanic membrane, or 

membrane rupture), but the differences compared to wild type infected animals were not 

so notable as to suggest the mutants were more virulent (data not shown). 

LOS on the NTHi outer membrane can be decorated with environmentally or host 

acquired PCho. The degree to which PCho is incorporated onto the LOS is controlled by 

phase variation in the lic1 locus [60]. Adherence to upper airway epithelial cells and 

biofilm maturation are promoted when PCho is expressed on NTHi [64, 65, 140]. 86-

028NP luxS demonstrated significantly less surface PCho expression compared to wild 

type, suggesting that disruption of quorum signaling had an impact on the addition of 

PCho to the LOS [76]. Contrary to this observation, which was recapitulated in our 

analysis, the NTHi clinical strains and their luxS mutants displayed the same levels of 

surface PCho expression (Figure 6). Therefore, the loss of AI-2 production appears to 

have no effect PCho incorporation for these strains. For 86-028NP luxS it might be 

suggested that the decreased PCho expression is linked to the reduced biofilm formation, 

and that the wild type PCho levels seen for Otis2 luxS and Otis11 luxS are linked to their 

lack of change in biofilm phenotypes (compared to 86-028NP luxS). However, it has 

been determined that there is no correlation between amount of PCho present on the LOS 

and the level of in vitro biofilm formation [78]. 



59 

 

NTHi can form polymicrobial biofilms with other OM pathogens, one being M. 

catarrhalis. This is often a beneficial relationship, particularly when one organism 

provides something the other cannot, such as protection from antibiotics. While M. 

catarrhalis does not have the ability to synthesize AI-2, it can deplete the signal from the 

environment [128, 141]. Strain 86-028NP demonstrated the ability to protect M. 

catarrhalis from antibiotic treatment in a polymicrobial biofilm in an AI-2 dependent 

manner [128]. The NTHi clinical strain luxS mutants in this study however were able to 

provide the same level of protection to M. catarrhalis as their parental strains (Figure 7). 

While the presence of AI-2 alone with M. catarrhalis can enhance its biofilm formation 

and resistance to antibiotics, it is likely that the NTHi biofilm structure itself also 

provides protection [128]. The biofilm of 86-028NP luxS is drastically smaller than that 

of its parental strain, and therefore may not have the structural stability or biomass 

necessary to protect the other bacteria. Otis2 and Otis11 luxS mutants on the other hand, 

with little to no decrease in biofilm formation compared to their parental strains, might 

retain the structure required to prevent M. catarrhalis from being eradicated. 

The involvement of quorum signaling pathways in virulence regulation varies 

from species to species, even among those that use the “universal” quorum signal AI-2. 

In bacteria where AI-2 mediates toxin secretion, biofilm formation, motility, and other 

virulence factors, the signaling pathway could be an excellent target for inhibition, 

potentially resulting in impairment of pathogenesis and increased sensitivity to 

antimicrobials. Analogs of 4,5-dihydroxy-2,3-pentanedione (DPD), the precursor form of 

AI-2, were shown to inhibit biofilm formation and disperse pre-established biofilms in E. 

coli and Pseudomonas aeruginosa [126]. Despite the possession of luxS homologs and 



60 

 

production of functional AI-2, the role of quorum signaling is not apparent or is 

inconsistent for some species. Mutation of luxS in the virulent Bacillus anthracis Ames 

strain displayed some of the same in vitro phenotypic differences as the attenuated Sterne 

strain luxS mutant; however, when used in animal models, the Ames luxS mutant showed 

no difference in in vivo virulence compared to its parental strain [142]. Different luxS 

mutant phenotypes of Campylobacter jejuni have been reported to be partially dependent 

on strain background, and some phenotypes may be the result of disruption of the AMC 

as opposed to loss of quorum signal communication [121, 143]. We have demonstrated 

that there was variability in the phenotypes of NTHi luxS mutants, indicating that the role 

of AI-2 signaling within the species may be strain dependent. AI-2 production via LuxS 

and uptake facilitated by RbsB are clearly important for 86-028NP both in vitro and in 

vivo [76, 77]. However, NTHi is a highly diverse species. In an analysis of 18 NTHi 

genomes it was revealed that a majority of the strains had the genes for the Rbs uptake 

system, like 86-028NP; on the other hand, some strains had predicted genes for the Lsr 

system (described in E. coli and other species) with or without the Rbs system genes and 

some had neither [144]. Indeed, Otis11 was determined by PCR identification to have the 

gene for RbsB, while Otis2 was found to possess both rbsB and lsrB (data not shown). 

This suggests that there may be variability in the mechanisms of AI-2 response for NTHi. 

Understanding the degree to which quorum signaling affects different strains will require 

more research into AI-2 uptake and downstream processing, as well as how it is 

mechanistically linked to factors involved in biofilm formation. Studies using more 

clinical strains to elucidate the diversity of the quorum signaling pathway will be 
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necessary to determine if NTHi as a species is a good candidate for targeting by quorum 

signal inhibitors as a therapeutic. 
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CHAPTER II: 

 

The Ability of Nontypeable Haemophilus influenzae Clinical Strain Biofilms to Resist 

Antibiotic-Mediated Eradication is Independent of Biofilm Size  
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Abstract 

The inflammatory middle ear disease known as otitis media can become chronic 

or recurrent, in some cases due to failure of the antibiotic treatment to clear the bacterial 

etiological agent. Biofilms are known culprits of antibiotic resistant infections; however, 

the mechanisms of resistance for nontypeable Haemophilus influenzae biofilms have not 

been completely elucidated. In this study, we utilized in vitro static biofilm assays to 

characterize clinical strain biofilms and addressed the hypothesis that biofilms with 

greater biomass and/or thickness would be more resistant to antimicrobial-mediated 

eradication than thinner and/or lower biomass biofilms. Consistent with previous studies, 

antibiotic concentrations required to eliminate biofilm bacteria tended to be drastically 

higher than concentrations required to kill planktonic bacteria. The size characterizations 

of the biofilms formed by the clinical isolates were compared to their minimum biofilm 

eradication concentrations for four antibiotics. This revealed no correlation between 

biofilm thickness or biomass and the ability to resist eradication by antibiotics. Therefore, 

we concluded that biofilm size does not play a role in antibiotic resistance, suggesting 

that reduction of antibiotic penetration is not a significant mechanism. 
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Introduction 

Otitis media (OM) is a highly burdensome disease that affects most children by 

the age of three [1, 3, 4]. The Gram negative bacterium nontypeable Haemophilus 

influenzae (NTHi) is one of the leading causes of OM. While NTHi is able to live 

commensally in the nasopharynx, inflammation and dysfunction of the Eustachian tube 

may allow the bacteria to enter the middle ear space and establish an infection [4]. NTHi 

is a highly genetically diverse species, with most clinical isolates being unique from one 

another [52, 53, 132]. 

Along with NTHi, Streptococcus pneumoniae and Moraxella catarrhalis are the 

other most common bacterial causes of OM, and the disease can often be polymicrobial 

in nature [8, 145]. Identification of the etiological agent of a case of OM typically 

remains undetermined. Therefore, OM is treated empirically with antibiotics, with high-

dose amoxicillin being the first-line recommendation [14]. However, treatment failure 

and relapse can occur, resulting in chronic or recurrent infections that may require 

multiple courses of antibiotics [1, 4, 19]. 

A significant reason antimicrobial therapy is often unsuccessful is that NTHi is 

able to form biofilms in the middle ear, which have been observed in both the chinchilla 

model of OM and in the middle ears of children with OM [21, 22]. Enhanced tolerance to 

antimicrobials and evasion of the host immune defenses are attributes of biofilm 

communities. Several mechanisms have been described that could contribute to the 

increased antibiotic resistance, including a reduced ability of the drug to penetrate the 

biofilm structure [37, 49, 146, 147]. 
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In this study we have isolated clinical strains of NTHi from children undergoing 

tympanostomy tube placement in order to characterize their biofilms and antibiotic 

susceptibility profiles. We hypothesized that NTHi strains forming larger (in terms of 

biomass or thickness) biofilms would be more resistant to eradication by antibiotics than 

strains forming smaller biofilms. 
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Methods 

Bacterial strains and growth conditions 

Eight NTHi clinical strains were isolated and used in this study: Otis1, Otis2, 

Otis3, Otis4, Otis6, Otis7, Otis8, and Otis10. NTHi strains were grown on brain heart 

infusion (BHI) agar (BD) supplemented with hemin (10 μg mL
-1

; MP Biomedicals) and 

NAD (10 μg mL
-1

; Sigma); this media is referred to as supplemented BHI (sBHI). For in 

vitro assays, NTHi strains were grown in sBHI broth. 

In order to isolate clinical NTHi strains, middle ear fluid samples from children 

undergoing placement of tympanostomy tubes at Wake Forest Baptist Hospital were 

collected as discard tissue samples with no patient identifiers. This work was reviewed 

and approved as an exempt study by the Wake Forest Internal Review Board. To isolate 

clinical strains, middle ear fluids were plated on sBHI supplemented with 3 mg mL
-1

 

vancomycin (Sigma) and incubated overnight at 37˚C and 5% CO2. Individual colonies 

were selected based on colony morphology and confirmed to be NTHi by Gram stain and 

requirement for factors X (hemin) and V (NAD), then passed onto sBHI agar plates. 

Overnight plates of the isolates were swabbed, and the bacteria were resuspended and 

frozen for future use in 2x BHI broth and 50% glycerol (1:1) at -80˚C. 

Crystal Violet Assay 

NTHi strains were inoculated to ~1x10
8
 colony forming units (CFU) mL

-1
 in 

sBHI broth and seeded into 96-well plates (Corning). After incubation at 37˚C and 5% 

CO2 for 4, 12, or 24 hours, biofilm supernatants were removed and the biofilms were 

washed with water twice, and allowed to dry. The biofilms were then stained with 0.1% 
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crystal violet (Sigma) for 30 minutes at room temperature, the stain was removed, and the 

biofilms were washed four times with water. The biofilms were solubilized in 100% 

ethanol and the OD540 was measured using a BioTek ELx800 plate reader. 

Viability Assay 

NTHi strains were seeded into 24-wells plates (Corning) at a concentration of 

~1x10
8
 CFU mL

-1
 and incubated at 37˚C and 5% CO2. At 4, 12, and 24 hour time points, 

the supernatants were removed and the biofilms were resuspended in PBS, serially 

diluted, and plated on sBHI agar. Plates were incubated for ~24 hours at 37˚C and 5% 

CO2 before colonies were enumerated in order to determine viable bacterial counts. 

Confocal Laser Scanning Microscopy (CLSM) 

Biofilms for CLSM were established by seeding 1 mL of bacterial suspension at 

~1x10
8
 CFU mL

-1
 in Lab-TekII two-chamber no. 1.5 German coverglass slides (Nunc) 

and incubating for 24 hours at 37˚C and 5% CO2. The supernatants were removed and the 

biofilms were washed once with PBS and stained with LIVE/DEAD BacLight Viability 

Kit (InVitrogen) for 30 minutes in the dark at room temperature. The stain was removed 

and 1 mL PBS was added to the biofilms. A Nikon Eclipse C1 confocal laser scanning 

microscope was used to acquire z-stack images of the biofilms (experiment repeated three 

times per strain, with six to nine frames of view each). These images were converted to 

TIF files using Nikon Elements software and analyzed using COMSTAT v.1 in 

MATLAB R2014a [138]. 
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Minimum Inhibitory Concentration (MIC) Assay 

MICs were determined by broth microdilution assay [148]. Briefly, antibiotics at 

2x concentrations were diluted 2-fold up a microtiter plate. NTHi suspension was added 

to the antibiotic at a 1:1 ratio (final concentration ~10
5
 CFU mL

-1
). The following 

antibiotics were used: amoxicillin (Sigma), ceftriaxone (Sigma), clarithromycin (Sigma), 

or azithromycin (USP Reference Standard). After incubation (37˚C and 5% CO2) for 20 

hours, the MIC was determined visually and by measurement of the OD600. 

Minimum Biofilm Eradication Concentration (MBEC) Assay 

Static biofilms were established as described for the crystal violet assay. After 24 

hours incubation, supernatants were removed and replaced with either the vehicle control 

in sBHI or various concentrations of amoxicillin, ceftriaxone, clarithromycin, or 

azithromycin. Following additional 24 hours incubation, supernatants were removed, and 

biofilms were resuspended in PBS, serially diluted, and plated onto sBHI agar. Limit of 

detection (LOD) = 1.5x10
3
 CFU mL

-1
. 

Statistics 

Statistical analyses were carried out using GraphPad Prism 5 (GraphPad 

Software, San Diego, CA). Significance was determined using Kruskal-Wallis 

nonparametric ANOVA, followed by Dunn’s Multiple Comparisons post-test. 

Spearman’s rank correlation test was used to measure correlation coefficients between 

biofilm size and MBECs. 
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Results 

NTHi clinical strains vary in biofilm size and structure 

To characterize the biofilms formed by clinical isolates of NTHi we measured 

total biomass and viability by crystal violet staining and enumeration of viable bacteria, 

respectively. Total biomass (including bacteria and extracellular matrix components) was 

assessed for static biofilms at 4, 12, and 24 hours post-inoculation. Biomass varied 

significantly (p < 0.0001) among the eight clinical strains at all three time points (Figure 

10a). Initial attachment was represented at 4 hours, with strains such as Otis2 and Otis4 

already establishing dense formations. Biomass increased, to varying degrees among the 

strains, by 12 hours; at 24 hours, biofilms were well established. Significant variability (p 

< 0.0001) was also observed for the viability of the biofilms (Figure 10b). However, 

bacterial counts ranged from approximately 10
8
-10

9
 CFU mL

-1
 (not falling below the 

initial inocula counts), therefore we concluded that the biofilms were viable. 

Further characterization was performed utilizing CLSM to visualize the biofilms. 

Static 24 hour biofilms were labeled with BacLight LIVE/DEAD viability stain for 

imaging of the live bacteria, stained in green with SYTO9, and dead bacteria, stained in 

red with propidium iodide, within the biofilm. Figure 11a shows overview and cross-

sectional images of representative biofilm sections of each NTHi strain. Differences in 

thickness, structure, and areas of viable and dead bacteria were readily observed. Size and 

structural parameters were quantified from the z-stack images by COMSTAT analysis 

[138] (Figure 11b). Significant differences (p < 0.0001) in biofilm size, as measured 
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Figure 10. Variability of biofilms formed by NTHi clinical isolates. Bacteria were 

inoculated at ~1x10
8
 CFU mL

-1
. Biofilms were grown at 37˚C and 5% CO2 for 4, 12, and 

24 hours. For the crystal violet assay (A), biofilm supernatants were removed at the 

chosen time point, then biofilms were washed, stained with 0.1% crystal violet, washed 

again, and solubilized in 100% ethanol to measure the optical density at 540 nm. To 

measure viability (B), biofilm supernatants were removed, and the biofilms were 

resuspended in PBS, serially diluted, and plated on sBHI agar. Viability was determined 

by quantifying the CFU mL
-1

 ~24 hours later. Error bars indicate SEM. 
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Figure 11. NTHi clinical strain biofilms vary in size and structure. Biofilms were 

inoculated at ~1x10
8
 CFU mL

-1
 and grown for 24 hours at 37˚C and 5% CO2. Biofilms 

were stained with LIVE/DEAD stain and visualized by CLSM. Representative images are 

shown for the eight strain biofilms (A). Z-stack images were acquired from three separate 

experiments (n=23-26 total image stacks per strain) and analyzed by COMSTAT to 

quantify biomass, average thickness, roughness coefficient, and surface to biovolume 

ratio (B). SEM is represented by the error bars. 
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by biomass and average thickness, were detected. Structural variation was also observed 

(p < 0.0001). Biofilms like those of Otis7 and Otis10 had higher roughness coefficients, 

indicating less smooth biofilm surfaces with more peaks and valleys. Otis7 and Otis10 

also had higher surface to biovolume ratios suggesting greater surface exposed bacteria 

that could potentially encounter more nutrient flow [138].  

These results demonstrate that the NTHi clinical isolates form biofilms to varying 

degrees in vitro. Based on our hypothesis, the larger biofilms like those of Otis2 or Otis4 

should be less susceptible to antibiotic eradication than the smaller biofilms like that of 

Otis7. 

Minimum inhibitory concentrations of NTHi clinical strains 

The MIC assay is routinely used in clinical settings to determine bacterial 

susceptibility to antibiotics, and assist in informing physicians on how to treat infections 

[148]. The results are a determination of the susceptibility of bacteria in planktonic 

culture, which is often not a reflection of the state of the bacteria causing the infection. 

However, in order to compare the degree of antibiotic tolerance of biofilms to planktonic 

cultures of the clinical NTHi strains, we first needed to determine the concentration of 

antibiotic required to inhibit bacterial growth in the planktonic state. MICs were 

determined for four antibiotics that have been used in the treatment of OM (amoxicillin, 

ceftriaxone, clarithromycin, and azithromycin) (Table 3). An important mechanism of β-

lactam resistance seen in many NTHi strains is the ability to produce a β-lactamase [93].   
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Table 3. MICs of clinical NTHi strains. The minimum inhibitory concentrations of 

amoxicillin, ceftriaxone, clarithromycin, and azithromycin were determined for the eight 

NTHi clinical strains by broth microdilution method.  
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All eight clinical NTHi isolates tested negative for β-lactamase production by 

nitrocefinase disk test (data not shown). Knowing the sensitivities of the strains in the 

planktonic state, as presented in Table 3, then allowed us to determine antibiotic 

concentrations with which to treat pre-established biofilms. 

The ability to resist eradication by antibiotics is not dependent on biofilm size 

A well described quality of biofilms is their increased tolerance to antimicrobial 

treatment compared to the bacteria in their planktonic states. We therefore tested a higher 

range of antibiotic concentrations against the biofilms formed by the NTHi clinical 

isolates in order to determine the concentration of antibiotic required to eradicate the 

biofilm bacteria (i.e. decrease viable counts to the limit of detection). Established 24 hour 

static biofilms were treated with amoxicillin ranging from 6.25-1000 μg mL
-1

or 

ceftriaxone ranging from 0.05-500 μg mL
-1

, and viable bacteria were quantified after 24 

hours of exposure. Compared to the vehicle controls, statistically significant decreases in 

viability were detected with some β-lactam antibiotic concentrations (Figures 12 and 13). 

However, the most bacterial killing observed with either antibiotic was of Otis2, which 

was decreased by approximately 3 logs post treatment with 1000 μg mL
-1 

amoxicillin 

(Figure 12). This concentration of amoxicillin was 1000x higher than the MIC for Otis2. 

Additionally, the biofilm failed to be eradicated, leaving viable bacteria that may 

continue proliferating. These results demonstrated that the NTHi clinical isolate biofilms 

were all highly resistant to amoxicillin and ceftriaxone treatment, and that the MBECs of 

the β-lactam antibiotics were higher than the greatest concentrations tested. 

The macrolide antibiotics clarithromycin (1-256 μg mL
-1

) and azithromycin (0.25- 
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Figure 12. NTHi clinical strain biofilms are highly resistant to amoxicillin 

treatment. 24 hour static biofilms were treated with a range of concentrations of 

amoxicillin and then plated for viability 24 hours later. Results represent the means with 

standard error of the mean (SEM) of three experiments each done in triplicate. Kruskal-

Wallis test followed by Dunn’s Multiple Comparisons test measured statistical 

significance of antibiotic treated biofilms compared to the vehicle control (*, p<0.05; **, 

p<0.01; ***, p<0.001). 
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Figure 13. NTHi clinical strain biofilms are resistant to high ceftriaxone 

concentrations. 24 hour static biofilms were treated with a range of ceftriaxone 

concentrations. Biofilm bacteria were plated for viability 24 hours later. The results show 

the means with SEM of three experiments each done in triplicate. Statistical significance 

of antibiotic treated biofilms compared to the vehicle control was measure by Kruskal-

Wallis test followed by Dunn’s Multiple Comparisons test (*, p<0.05; **, p<0.01; ***, 

p<0.001). 
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Figure 14. Treatment of NTHi clinical strain biofilms with clarithromycin. A range 

of concentrations of clarithromycin were used to treat pre-established 24 hour static 

biofilms. 24 hours later, biofilm bacteria were serially diluted and plated in order to 

assess viability. The mean with SEM is demonstrated and representative of three 

experiments each done in triplicate. Statistical significance was determined by Kruskal-

Wallis test followed by Dunn’s Multiple Comparisons test comparing the antibiotic 

treated biofilms with the vehicle control (*, p<0.05; **, p<0.01; ***, p<0.001). The 

dashed line indicates the limit of detection. 
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Figure 15. Azithromycin treatment of NTHi clinical strain biofilms. A range of 

concentrations of azithromycin were used to treat pre-established 24 hour static biofilms. 

Biofilm bacteria were serially diluted and plated 24 hours later in order to assess 

viability. Results pooled from three experiments done in triplicate are represented by the 

mean with SEM. Statistical significance determined by Kruskal-Wallis test followed by 

Dunn’s Multiple Comparisons test compared the antibiotic treated biofilms with the 

vehicle control (*, p<0.05; **, p<0.01; ***, p<0.001). The limit of detection is indicated 

by the dashed line. 
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256 μg mL
-1

) were also tested against the NTHi biofilms (Figures 14 and 15). Similar to 

the β-lactam antibiotic treatments, statistically significant killing generally occurred with 

higher clarithromycin and azithromycin concentrations; however, some strains were more 

sensitive to these antibiotics and some biofilms were eradicated at measured 

concentrations. Measureable MBECs of clarithromycin were determined for Otis2 (64 μg 

mL
-1

) and Otis10 (256 μg mL
-1

) (Figure 14). MBECs of azithromycin were 4 μg mL
-1 

for 

Otis2, 256 μg mL
-1 

for Otis7, and 32 μg mL
-1 

for Otis10 (Figure 15). These results 

suggest that macrolide antibiotics are slightly more effective against biofilms formed by 

some of these NTHi clinical isolates.  

The MBEC results were summarized in Figure 16. Unless specifically indicated 

on the graph, the MBEC was greater than the highest concentration tested for the 

antibiotic. The strains were ordered from highest to lowest biofilm biomass as determined 

by COMSTAT analyses of confocal images (Figure 11b). Although all amoxicillin and 

ceftriaxone MBECs were beyond the highest concentrations measured for these 

experiments, some clarithromycin and azithromycin MBECs were measurable, within 

defined ranges, for biofilms with high biomass (Otis2) and low biomass (Otis10 and 

Otis7). Spearman correlations were calculated by changing the values calculated for 

biofilm thickness, CLSM biomass, and CV biomass to percentages of the highest 

respective measurements, then comparing them to the MBEC values. MBECs higher than 

the greatest concentration tested were plotted as the next highest 2-fold dilution. No 

correlation coefficient had a p-value less than 0.39, indicating that there was no 

correlation between the size of the biofilm and the ability to resist antibiotic treatment, 

regardless of the method for ranking biofilm size.  
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Figure 16. Enhanced resistance of NTHi clinical strains biofilms is not dependent on 

biofilm size. Minimum bactericidal eradication concentration (MBEC) assays were 

performed on each strain with a range of concentrations of amoxicillin, ceftriaxone, 

clarithromycin, and azithromycin. The MBECs, or antibiotic concentrations at which 

bacterial counts were reduced to or below the limit of detection (1.5x10
3
 CFU mL

-1
), are 

shown and specifically indicated if less than or equal to the greatest concentration tested: 

^ 64 µg mL
-1

, * 4 µg mL
-1

, + 256 µg mL
-1

, # 32 µg mL
-1
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Discussion 

It has been well established that bacteria within biofilms are significantly more 

tolerant to antimicrobial treatment compared to planktonic state bacteria; proposed 

mechanisms for why this occurs include reduced metabolic activity of the bacteria within 

the biofilm, the presence of a subpopulation of persister cells, and a decreased ability of 

an antibiotic to penetrate the biofilm [35, 37, 41, 49, 146, 147]. Reduced antimicrobial 

penetration might suggest that a larger biofilm would be better able to resist antibiotics 

than a smaller biofilm. In this study, we have demonstrated that for NTHi middle ear 

isolates, biofilm size does not correlate with the ability to resist eradication by clinically 

relevant antibiotics.  

We isolated eight NTHi strains from the middle ear fluids of children undergoing 

tympanostomy tube placement. These strains were found to form biofilms that vary in 

biomass, thickness, and structure (Figures 10 and 11). Differences in biofilm formation 

by clinical NTHi strains have been previously observed by other groups as well [90, 149]. 

Ranking the biofilms from highest to lowest biomass differed slightly between crystal 

violet and COMSTAT readouts. This was most notable for Otis10, which had the second 

highest biomass by crystal violet staining, yet the second lowest biomass by COMSTAT 

analysis of z-stack images. The staining for CLSM is not meant to label biofilm matrix 

components such as extracellular proteins; however, crystal violet stains all components 

contained in the biofilm. This suggested that the increased biomass in the crystal violet 

staining was due to a high amount of matrix staining. Other variations in biomass that we 

detected among the strains could likewise be due to differences in matrix components. 

Extracellular DNA, proteins (e.g., type IV pilin protein and adhesins), and various 
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glycoforms of lipooligosaccharides from the bacterial outer membrane are important 

constituents of the NTHi biofilm extracellular matrix [65, 79, 83, 88, 90, 150, 151]. 

Further characterization of the clinical strain biofilm matrix and surface components is 

necessary in order to evaluate their antigenic heterogeneity and why the biofilms vary so 

greatly in their biomass and thickness. 

We hypothesized that strains that formed biofilms with greater biomass, or that 

were thicker, would be more resistant to eradication by antibiotics than strains that 

formed thinner, or less dense, biofilms. However, the results of this study contradict this 

hypothesis. All eight strains were resistant to the β-lactam antibiotics amoxicillin and 

ceftriaxone at the maximum concentrations tested (Figures 12 and 13). A concentration 

of 1000 μg mL
-1

 (500x-2000x the MICs of the strains) was not sufficient to eradicate the 

biofilm bacteria. This is interesting because amoxicillin is generally the first antibiotic 

prescribed for OM, and yet it appears to have little to no effect on the in vitro biofilms 

formed by these clinical strains, despite their lack of β-lactamase production [14]. 

Similarly, biofilms treated with 500 μg mL
-1

 ceftriaxone, a concentration over 15,000x 

greater than the MICs of the strains, experienced at most one to two logs of killing 

compared to the vehicle control. While statistically significant, these counts are still well 

above the limit of detection and cannot realistically be considered eradicated. Treatment 

with the macrolide antibiotic clarithromycin had little effect on all but two strains (Otis2 

and Otis10, eradicated at 16x and 32x their MICs, respectively) (Figure 14). 

Azithromycin was the most effective of the antibiotics tested with these strains. 

Interestingly, Otis2 was eliminated with only 4 μg mL
-1

 of azithromycin, which is only 

8x its MIC (Figure 15). This result is the most contradictory to our hypothesis since Otis2 
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forms a biofilm with size parameters on the higher end of the spectrum compared to the 

others. Therefore, from these results we concluded that there was not a relationship 

between biofilm size and the ability to resist antibiotic eradication, and that a reduced rate 

of biofilm penetration by the antibiotic is not likely a primary mechanism of tolerance, 

since smaller biofilms (e.g., Otis7) can survive antibiotic treatment as well as larger 

biofilms (e.g., Otis4).   

Antibiotic treatment recommendations for acute OM (AOM) require the 

consideration of not only NTHi as a primary etiological agent, but also of the other most 

common bacterial causes, S. pneumoniae and M. catarrhalis [14, 145]. The guidelines set 

by the American Academy of Pediatrics list amoxicillin (with or without clavulanate) and 

third-generation cephalosporins such as ceftriaxone and cefdinir as treatment options for 

AOM, and no longer recommend the use of macrolides [14]. While the clinical NTHi 

isolates in this study demonstrate more sensitivity to macrolides than β-lactams, others 

have shown reduced clinical efficacy of macrolides [15, 93]. Additionally, these drugs 

tend to accumulate in the host cells (e.g., macrophages); therefore, the higher 

concentrations required to have an impact on infections in the middle ear space may be 

more difficult to accomplish [15, 93]. Orally administered antibiotics for AOM in general 

are not able to reach concentrations more than 10x the MIC in the middle ear [96]. Our 

study and others have demonstrated that concentrations upwards of 100x the MIC are 

often required to kill bacteria in biofilms [6, 152].  

The question remains as to what mechanisms are involved that render these NTHi 

strains more tolerant to antibiotic treatment when in the biofilm state, and why some of 

the biofilms were more sensitive than others. Resistance to β-lactams is largely 
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determined by the production of a β-lactamase for many species of bacteria. In 

Pseudomonas aeruginosa biofilms, β-lactamase production was found to be the only 

barrier to β-lactam diffusion through biofilms; as an uncharged antibiotic, β-lactams are 

unlikely to be impeded by interactions with extracellular matrix components [33, 36]. 

Positively charged antibiotics, like aminoglycosides, have been observed to interact with 

negatively charged matrix components, obstructing the ability of the drug to reach the 

bacteria deep within the biofilm [33, 37]. Azithromycin is a cationic antimicrobial agent 

and therefore may be subject to similar interactions within NTHi biofilms [153]. Our 

biofilm characterization experiments indicate potential variability in biofilm extracellular 

matrix components. Proteins (e.g., Type IV pilin protein and DNABII) and double-

stranded DNA in particular have been found to be important matrix components for 

NTHi [83, 85, 88]. Degradation of extracellular DNA and protein using DNase I and 

proteinase K, respectively, has been demonstrated to increase biofilm sensitivity to 

biocides and some antibiotics for certain NTHi strains [88, 89]. While high biofilm 

density and/or thickness may not prevent the antibiotic from diffusing through the 

biofilm, the constituents of the extracellular matrix may provide a barrier to the bacteria 

or interact with the drugs in a way that hinders their action. The antigenic heterogeneity 

of NTHi as a species suggests that differences in matrix components or surface antigen 

expression among strains may contribute to differences in biofilm size and antimicrobial 

interactions [54]. 

Bacteria within a biofilm are typically thought to have reduced metabolic activity 

[36, 37, 41]. A proteomic analysis of NTHi strain 2019 in both the planktonic and biofilm 

states found that levels of proteins associated with metabolism, protein synthesis, and 
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aerobic respiration appeared to be down-regulated in biofilm bacteria [91]. This in 

particular would render the NTHi clinical strains more resistant to bactericidal antibiotics 

like amoxicillin and ceftriaxone, since the bacteria are less likely to be actively dividing. 

In conclusion, we have observed that for clinical strains of NTHi, there is not a 

relationship between the size of the biofilm and the ability to withstand elimination by 

antibiotics. Further analysis of resistance mechanisms for these strains, as well as 

continued survey of the characteristics of other clinical isolate biofilms, will aid in 

elucidating what particular challenges we face in treating these biofilm-mediated 

infections. 
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CONLCUSIONS 

The genetic and phenotypic diversity of NTHi strains and their ability to form 

biofilms have complicated current therapeutic strategies. Unlike H. influenzae type B, for 

which there is a vaccine that targets the capsular polysaccharide, NTHi typically 

demonstrates significant antigenic heterogeneity in its LOS and surface proteins, which 

presents a major challenge in identifying a suitable, conserved target epitope expressed 

by a majority of strains. The formation of biofilms in the middle ear during OM 

infections renders the bacteria more tolerant to antimicrobials and the host immune 

response. In order to investigate new methods of treatment for NTHi-associated 

infections, examination of potential therapeutic targets in a variety of clinical isolates is 

necessary. The majority of what is known regarding biofilm formation and quorum 

signaling in NTHi has been studied primarily in commonly used lab strains, particularly 

strain 86-028NP. Thus, the goals of this work were to utilize recently acquired NTHi 

clinical isolates to further examine the contribution of AI-2 quorum signaling to NTHi 

pathogenesis, as well as to inspect the role of biofilm biomass and thickness in the ability 

to resist clearance by antibiotics. 

Quorum signaling studies 

Bioluminescence assays were utilized to determine whether NTHi clinical isolates 

recovered from middle ear effusions were able to express AI-2. We found that the strains 

Otis2 and Otis11 both produced AI-2, but the production was lost when luxS, the gene for 

AI-2 biosynthesis, was mutated by kanamycin resistance cassette insertion via 

homologous recombination (Figure 3b). LuxS is a part of the AMC, a metabolic pathway 
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found in most bacteria, and therefore AI-2 production is commonly detected among many 

species. However, it has been suggested that luxS mutant phenotypes, such as defective 

biofilm formation, may be a result of a metabolic defect and not the loss of a quorum 

signal [104, 105]. The growth curves of the clinical strain luxS mutants were comparable 

to their parental strains, suggesting that there were no metabolic deficiencies (data not 

shown). We therefore hypothesized that AI-2 would act as a quorum signal as previously 

described for NTHi strain 86-028NP. Other experiments that may provide better 

supporting evidence that luxS mutants do not have metabolic defects include chemically 

complementing the luxS mutants with exogenously added DPD (the precursor form of 

AI-2), as well as complementing the mutants with SahH, an enzyme that restores the 

AMC while bypassing LuxS [120]. 

Variable biofilm phenotypes were observed for Otis2 luxS and Otis11 luxS 

compared to their parental strains. Static biofilms were analyzed by crystal violet staining 

as well as LIVE/DEAD staining visualized by CLSM. The overall trends observed were 

that Otis2 luxS had a modest decrease in biofilm formation compared to Otis2, while 

Otis11 luxS showed a slight increase compared to Otis11 (Figure 4). The crystal violet 

assay provided a high-throughput method of measuring total biomass and showed that at 

12 and 24 hours, the Otis11 luxS mutant had significantly more biofilm biomass 

compared to its parental strain. This was an unexpected result and the cause of the 

increase is unclear. Differences in biomass and average thickness of the biofilm bacteria, 

as visualized by staining with LIVE/DEAD stain (SYTO9 and propidium iodide), were 

not significant but fit with the general trend.  
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The continuous flow biofilm assay was more rigorous because it provided a 

constant supply of fresh nutrients and applied shear forces from the media flow, which is 

more representative of a natural environment. For these experiments there was a small, 

yet statistically significant decrease in both biomass and average thickness for Otis2 luxS 

compared to Otis2, however, there were no differences between Otis11 and its luxS 

mutant (Figure 5). The decrease observed for Otis2 luxS was not nearly as drastic as that 

previously measured for the 86-028NP luxS mutant [76]. A decrease in defined structural 

features, such as presence of water channels and towers, has been observed for 86-028NP 

luxS [76, 84]. While structural differences between the parental strain and luxS mutant 

biofilms were not noticeable in these studies, it is possible that there could be a difference 

in the expression of extracellular matrix components or adhesins that affect the stability 

of the biofilms. This could potentially explain the differences observed between the static 

and continuous flow biofilm experiments. The slight decreases in Otis2 luxS 24 hour 

static biofilm biomass and thickness (Figure 4b) were exaggerated under continuous flow 

conditions (Figure 5). The increased biomass and thickness observed for Otis11 luxS 24 

hour static biofilms (Figure 4b) were neutralized when the biofilms were grown in the 

presence of shear forces from media flow (Figure 5). Therefore, the luxS mutants might 

have formed weaker biofilms that were more susceptible to erosion from the continuous 

flow of media. From these findings we concluded that the ability to produce AI-2 may 

contribute to biofilm stability for Otis2 and Otis11. However, the observed impact on 

these strains was not as significant as it was for 86-028NP. 

The bacterial surface component PCho decorated LOS has been identified as an 

important component for NTHi biofilm maturation in vitro and in vivo [64, 65]. The lab 
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strain 86-028NP luxS mutant had decreased biofilm formation and significantly reduced 

PCho expression, suggesting that PCho may play an important role in 86-028NP biofilm 

structural integrity, and that its expression may somehow be linked to quorum signaling 

(Figure 6) [76]. However, these phenotypes were not observed for Otis2 and Otis11. No 

difference in surface PCho expression was detected between the Otis strains and their 

luxS mutants (Figure 6). Therefore, we did not find supporting evidence of a link between 

PCho addition to the LOS and the ability of the strains to produce AI-2. As with the other 

cell surface and matrix components mentioned above, it would be interesting to 

determine how much PCho affects biofilm structural integrity for the clinical isolates. 

This could be accomplished by generating licD mutants in the Otis backgrounds that are 

incapable of PCho incorporation, then performing comparative studies using static and 

continuous flow biofilm assays. 

In the host environment, NTHi is able to form polymicrobial biofilms with other 

species. Therefore, it is important to consider interactions with other OM pathogens like 

M. catarrhalis. The clinical strain luxS mutants provided almost equivalent protection for 

M. catarrhalis in the presence of clarithromycin as their respective parental strains, 

suggesting an AI-2 independent mechanism of passive protection (Figure 7). While AI-2 

may still benefit M. catarrhalis in the polymicrobial biofilms, the loss of the signal was 

not a deficit when mixed with Otis2 luxS or Otis11 luxS, presumably because they still 

formed relatively strong biofilms. The maintenance of a more stable biofilm structure for 

Otis2 luxS and Otis11 luxS compared to 86-028NP luxS may potentially explain our 

results. Of course, these experiments were performed under static conditions, and 

therefore the protection afforded by the luxS mutants may be lost under continuous flow 
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conditions. CLSM with differential labeling of NTHi and M. catarrhalis in a mixed 

biofilm could provide more evidence as to how the NTHi biofilm structure may be 

supporting or protecting M. catarrhalis.  

The ability to establish a biofilm is a major contributor to the persistence of NTHi 

during OM infections. As there were no radical decreases in biofilm formation for the 

clinical strain luxS mutants, it was unsurprising that there were no persistence defects 

observed for these strains in the chinchilla model of OM (Figures 8 and 9). While 

bacterial counts gradually decreased for all strains over time in both the bullae and 

middle ear effusions, there were no differences between the parental and luxS mutant 

strains. We thus concluded that the loss of AI-2 production did not impact the ability of 

these strains to persist in the chinchilla middle ear. Closer examination of in vivo biofilms 

could provide more insight into the ability of the luxS mutants to persist as well as the 

parental strains. The involvement of host factors, such as NETs, that often contribute to 

biofilm structures in vivo should be investigated [87]. In the future, differences in the 

inflammatory response to each strain may be explored by obtaining infected chinchilla 

bullae sections and performing hematoxylin and eosin staining to look for neutrophil 

infiltrate. 

Implications of quorum signaling studies 

These experiments demonstrate a strain-dependent role for AI-2 quorum signaling 

in NTHi. While strains like 86-028NP may be highly impacted in their ability to form 

biofilms and persist in vivo due to disruption of the AI-2 pathway, clinical strains such as 

those represented here appear to not be greatly affected by the loss of AI-2 production. 



99 

 

This calls in to question how efficacious a quorum signal inhibitor would be against 

NTHi as a population.  

The diversity of NTHi strains in terms of putative AI-2 binding proteins has been 

noted at the gene level. Further characterization of the potential AI-2 uptake pathways is 

essential. While 86-028NP uses the periplasmic binding protein RbsB to facilitate AI-2 

uptake, other strains have genes for lsrB, both rbsB and lsrB, or neither [77, 144]. Like 

86-028NP, Otis11 has only the rbsB gene; however, very different luxS mutant 

phenotypes were observed between the two. Strains with lsrB should be examined to 

determine if the uptake pathway is similar to that of S. typhimurium and E. coli. Strains 

encoding both genes, like Otis2, may use both AI-2 uptake mechanisms and demonstrate 

differential specificity for different forms of AI-2 as seen for A. actinomycetemcomitans 

[112]. Strains that possess neither rbsB nor lsrB may use a yet to be identified receptor. 

Should it be determined that these strains lack the ability to import AI-2, yet retain the 

ability to produce the signal, then perhaps the diverse NTHi community contains 

subpopulations of strains that only produce AI-2 to benefit from the phenotypic response 

of others, while some strains are relieved from generating the signal but are able to 

respond to that produced by others.  

We have yet to address the functionality or role of the proposed AI-2 binding 

protein genes in Otis2 and Otis11. We hypothesize that disruption of the ability to 

internalize AI-2 would result in similar phenotypes to those of the luxS mutants. This 

would be contingent on the luxS mutants truly having no metabolic effects to which the 

observed phenotypes could be attributed and the primary purpose of the rbsB and/or lsrB 

genes being AI-2 binding. 
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The links between quorum signaling and factors that contribute to biofilm 

formation and persistence need to be further elucidated. The results of this and previous 

studies suggest that AI-2 signaling may have a role in NTHi biofilm stability. This could 

potentially occur by AI-2-mediated regulation of expression of adhesins and other factors 

known to be important for biofilm development. Recently in strain 86-028NP, a 

regulatory link was identified between LuxS and PilA expression, PilA being the major 

subunit of Tfp which is a significant NTHi biofilm matrix component [29, 84]. Other 

adhesins and matrix components associated with biofilm formation could potentially be 

linked to AI-2 signaling. However, not all adhesins are universally distributed among 

NTHi strains. For example, a high proportion of NTHi strains encode the adhesin genes 

hmw1 and hmw2; the small population of strains that do not instead have the hia gene 

[54]. Supposing hmw1 and hmw2 contributed to biofilm stability and were a regulatory 

link to be discovered between their expression and quorum signaling, then we may 

speculate that strains that do not encode these genes would not likely experience 

disruption in biofilm stability upon inactivation of the quorum signaling pathway. Otis2 

and Otis11 could potentially have different protein expression profiles which contribute 

to the different biofilm phenotypes observed upon inactivation of AI-2 production. 

The use of quorum signal inhibitors or antibodies targeting quorum signaling 

linked phenotypes are promising directions for therapeutics. However, given the known 

diversity of NTHi strains, it is essential for studies to branch out from focusing on a few 

well-characterized lab strains. The majority of the NTHi population would need to rely 

on AI-2 signaling for regulation of some aspect of pathogenesis in order for quorum 

signal inhibition to be considered a viable therapeutic.  
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Biofilm antibiotic resistance studies 

The variety of biofilm structures and sizes formed by different NTHi strains has 

been noted in previous studies [90, 149]. Characterization of eight NTHi clinical strains 

isolated from middle ear fluids of children having tympanostomy tube placement 

revealed a range of biofilm phenotypes by crystal violet staining for total biomass (Figure 

10) and by LIVE/DEAD staining for CLSM (Figure 11). The primary readout used for 

ranking the biofilms was the biomass measurement from COMSTAT analysis of the 

CLSM images. However, average thickness and crystal violet biomass were also 

considered, especially since a large discrepancy was observed between the biomass of 

Otis10 as measured by CLSM and crystal violet. We hypothesized that this may be due to 

the amount of extracellular matrix in the Otis10 biofilm, which is not accounted for with 

LIVE/DEAD staining. The CLSM biomass ranking placed Otis2 and Otis4 at the larger 

end of the biofilm size spectrum, while Otis10 and Otis7 fell at the other end with smaller 

biofilms. Based on our hypothesis, these classifications suggested that larger biofilms like 

Otis2 and Otis4 would be highly resistant to antibiotic treatment, while smaller biofilms 

like Otis10 and Otis7 would be more readily eliminated.  

The MBECs of each strain treated with amoxicillin, ceftriaxone, clarithromycin, 

and azithromycin were determined using concentrations based around 25x higher than 

their MICs, with 2-fold dilutions ranging up and down from that point. Biofilm bacteria 

have been observed to be about 10-1000x more resistant to antimicrobials than planktonic 

bacteria [6, 152]. We discovered that regardless of biofilm size, all strains were extremely 

resistant to the β-lactam antibiotics, with concentrations 500-2000x times the amoxicillin 

MICs and over 15,000x the ceftriaxone MICs not being sufficient to eradicate the 
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bacteria (Figures 12 and 13). All of the β-lactam MBECs were greater than the maximum 

antibiotic concentrations tested; therefore, it appeared that there was no correlation 

between biofilm size and the MBECs. Were it possible to test higher β-lactam 

concentrations, differences in the MBECs among the strains may be determined. 

However, as concentrations increase, they are less likely to be clinically achievable and 

safe to the host. Although none of the strains produced a β-lactamase to break down the 

antibiotics, it is possible that the drugs were able to diffuse through the biofilm structures 

and that the bacteria were in a slow-growing, reduced metabolic state rendering the β-

lactam mechanism of bacterial killing ineffective.  

Otis2, a large biomass biofilm, and Otis10, small by CLSM biomass yet large by 

crystal violet biomass, were the only strains sensitive to clarithromycin resulting in 

measurable MBECs (Figure 14). Relative to their MICs though, the Otis2 MBEC was 

16x higher and the Otis10 MBEC was 32x higher. When the biofilms were treated with 

azithromycin, Otis2, Otis10, and Otis7 were cleared (Figure 15). The macrolide MBEC 

results demonstrated that both large and small biofilms may be susceptible to eradication 

by antibiotics. The mechanisms underlying the increased susceptibility of Otis2, Otis7, 

and Otis10 are yet to be determined. A molecular determinant of macrolide resistance, 

the AcrAB-TolC efflux pump, may be differentially expressed among the strains in the 

biofilm state. Another possibility lies in the composition of the extracellular matrices of 

the biofilms. Interactions based on factors such as the charges of the matrix components 

and the antimicrobials may have an impact on how effectively the drug can reach its 

target. Therefore, a possibility may be that Otis2, Otis7, and Otis10 demonstrate 
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decreased expression, relative to the other strains, of negatively charged matrix 

components that may be able to sequester the cationic antibiotic.  

Preliminary data suggests that the amount of extracellular protein in the biofilms 

of the eight clinical isolates varied from strain to strain (Supplemental Figure 1). This 

may impact the density and structure of the biofilms, and may contribute to differential 

interactions with the antibiotics. In particular, Otis10 appeared to have high extracellular 

protein levels relative to the other strains, which might give cause to the biomass 

discrepancy between the crystal violet and CLSM readouts. This confocal analysis using 

SYPRO Ruby matrix stain nonspecifically labeled proteins; therefore, a more targeted 

approach should be taken in the future, looking specifically at relative expression among 

the clinical isolates of known key matrix proteins such as Tfp and DNABII (IHF). 

Indeed, treatment with antibody against these proteins has been shown to disrupt 86-

028NP biofilms in vitro and in vivo [84, 85, 125].  

Implications of biofilm antibiotic resistance studies 

Orally administered antibiotics like high-dose amoxicillin, the first-line 

recommendation for AOM, are incapable of reaching concentrations in the middle ear 

often required to achieve clearance of biofilms [96]. Assessing the effectiveness of 

antibiotics against biofilm bacteria as opposed to planktonic bacteria, with MICs being a 

commonly  utilized method for determining antibiotic susceptibility in clinical settings, is 

a direction that should be pursued considering the immense burden of biofilm-associated 

infections. The work presented here recapitulates the challenges of treating pre-

established biofilms with antibiotics. Some studies have suggested that multiple drug 
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combinations may be more successful in treating biofilm infections, however, typically 

incorporated into these combinations is ciprofloxacin, a fluoroquinolone antibiotic that 

has been demonstrated to have negative side effects in children and is not approved to 

treat OM [147]. In our studies, we chose to perform single drug treatments utilizing two 

clinically recommended β-lactam antibiotics (amoxicillin and ceftriaxone), as well as two 

macrolides (clarithromycin and azithromycin) that until recently were recommended for 

OM treatment and are still prescribed for other upper respiratory tract infections. 

This study demonstrated that biofilm biomass and thickness do not appear to play 

a role in the ability of NTHi biofilms to resist antibiotic clearance. The formation of 

different size biofilms had not been previously addressed as a way NTHi strains may 

differ in their tolerance to antimicrobials. The benefit of forming a large versus a small 

biofilm is unclear, particularly if they are equally resistant to antibiotic treatment. 

Forming a large biofilm may require more energy expenditure; however, it may be that 

size is dependent on the genes possessed and/or expressed that contribute to biofilm 

development. 

Our results implied that impeding antibiotic penetration of the biofilm is not a 

primary mechanism of resistance. Evidence in favor of and against this mechanism in 

other species suggests that it may depend on the constituents of the biofilm and the type 

of antibiotic used. Much of this work has previously focused on P. aeruginosa biofilms, 

but has also been covered in other species such as Klebsiella pneumoniae and S. aureus 

[33-35, 154]. Stronger biofilms formed by methicillin-resistant S. aureus strains were 

demonstrated to positively correlate with higher rifampicin MBECs [155]. The degree of 
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biofilm formation for Burkholderia pseudomallei presented a diffusion barrier to only 

certain antibiotics [156]. 

Extracellular matrix components that interact with antimicrobials, impairing their 

action, or that provide increased structural integrity to the biofilm should be a focus of 

research. Disruption of biofilms via antibodies targeting matrix components or 

degradation of matrix components has been demonstrated to render NTHi biofilm 

bacteria more susceptible to antibiotics and biocides [84, 88, 89]. Continuing 

development of methods to disperse biofilms, followed by antibiotic treatment of the 

newly growing, planktonic bacteria (also allowing appropriate time for possible persister 

cells to resume growth) is a promising approach. However, choosing specific targets for 

biofilm disruption may be difficult given the antigenic heterogeneity of the NTHi species. 

Our presented studies highlight the need to continue characterization of NTHi clinical 

strains and understand how their diversity can impact our ability to treat biofilm 

infections. As the problem of antimicrobial resistance continues to increase around the 

world, finding alternatives to basic antibiotic therapy is crucial.  

Future directions 

The presented research emphasizes the need to extend work carried out in lab 

strains to a diverse array of NTHi clinical strains. With established genetic and antigenic 

heterogeneity, the discovery of varying phenotypes among strains for quorum signaling, 

biofilm formation, and ability to resist antibiotics should not be surprising. To further our 

studies of quorum signaling and biofilm antibiotic resistance, sequencing of the genomes 

of the clinical NTHi strains used would enable a more comprehensive exploration of their 
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genetics in regards to their biofilm and AI-2 signaling phenotypes. Additionally, should a 

broader panel of clinical isolates be desired for carrying on these studies, a growing 

collection of isolates is available from our continued culturing of middle ear fluids from 

tympanostomy patients at Wake Forest Baptist Medical Center. 

The details of the AI-2 quorum signal response have been thoroughly described 

for species such as V. harveyi, S. typhimurium, E. coli, and A. actinomycetemcomitans. 

These studies have facilitated better understanding of the mechanistic links between 

quorum signaling and regulation of virulence factors. In order for this level of 

comprehension to be attained for NTHi, efforts must be focused on examining the AI-2 

response pathway. While the work presented here emphasizes the importance of not 

generalizing the phenotypes observed in one strain for all, we must also establish a basis 

for comparison. NTHi lab strain 86-028NP, already having been used extensively in 

quorum signaling and other related research, should be utilized to complete the 

characterization of AI-2 internalization and processing pathways. Acquiring crystal 

structures of AI-2 in complex with its binding protein (e.g., RbsB and/or LsrB) would 

facilitate determination of the exact form of AI-2 bound by the bacteria. A few other 

strains representing those with differing putative AI-2 binding proteins should be studied 

as well. However, this work should be approached with the caution that the phenotypes 

may not be consistent for all NTHi strains. 

The work done in 86-028NP and the results presented here suggest that quorum 

signaling plays a role in biofilm stability, albeit to different degrees. Biofilm formation, 

as an important factor in NTHi pathogenesis, is a primary target for therapeutics. 

Antibodies against PilA and IHF have been shown to be successful in disrupting 86-
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028NP biofilms [84, 85]. Additionally, co-regulation was observed for PilA and LuxS 

[84]. Clarifying molecular connections between AI-2 signaling and biofilm associated 

factors will help define the regulatory roles of AI-2 in NTHi pathogenesis. Of course, the 

variability of surface and biofilm matrix antigens among NTHi strains and the variable 

phenotypes observed for the Otis2 and Otis11 luxS mutants imply that regulation by AI-2 

may differ among strains and may only be consistent for well-conserved gene products. 

The concept of “social cheaters” and strains that do not participate in the typical 

production and/or response to AI-2 are also intriguing. It has been observed in E. coli that 

there are strains with significant lsr mutations that are unable to internalize AI-2, but can 

produce it [122]. On the other hand, M. catarrhalis cannot produce AI-2, but can take it 

up. Both of these scenarios may result in enhanced fitness by not expending energy on 

either production or uptake, and then reaping the benefits from the rest of the population 

that both produce and respond. Sequenced NTHi strains have been noted that have 

neither rbsB nor lsrB genes. The less dramatic influence of AI-2 production disruption in 

Otis2 and Otis11 may indicate that the role of quorum signaling in NTHi as a species 

may not be well conserved and may be experiencing a balance of positive and negative 

selection pressures, as was observed for E. coli. However, in order to assess this, more 

knowledge about the entire quorum signaling pathway in NTHi, as well as analysis of a 

large array of clinical strains, will be required. 

To extend the biofilm antibiotic resistance work begun using the eight NTHi 

clinical isolates, detailed profiles of their extracellular matrix components (e.g., proteins 

and eDNA), as well as expression of surface OMPs, LOS, and adhesins could aid in 

understanding why there are differences in size and structure of the biofilms among the 
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strains. This could be completed using various methods, including antibody tagging, 

fluorescent labeling, or proteomic analysis by liquid chromatography tandem mass 

spectrometry (LC-MS/MS) [150].  

In addition to analysis of the extracellular matrices of the clinical strain biofilms, 

further investigation into the state of growth of the bacteria within the biofilms and the 

specific abilities of various antimicrobials to diffuse through NTHi biofilms will help 

elucidate what antibiotic tolerance mechanisms may be playing a role. To analyze the 

amount of reduced metabolic activity in the biofilms, proteomic analyses of planktonic 

versus biofilm bacteria could be performed as was demonstrated with NTHi 2019[91]. 

Other methods include the use of dyes, such as 5-cyano-2,3-ditolyl tetrazolium chloride 

(CTC), which fluoresces only when reduced by aerobically respiring bacteria. Advances 

in knowledge about how persister cells form in other species and methods of detection 

may be applied to NTHi to determine how significant this phenotype may be for biofilm 

formation [43]. To address antibiotic permeation more directly in the future, methods 

such as mathematical modeling of diffusion or a disk diffusion assay may be possible; 

Fluorescently labeled antibiotics are also available that may allow visualization of 

diffusion through the biofilm and interactions with matrix or surface components.  [34, 

154]. 

Upon better elucidation of the mechanisms of biofilm regulation, a similar study 

to this one may be done using isogenic strains with mutations in individual factors 

contributing to biofilm size. This could aid in further understanding the impact of biofilm 

size on persistence in vivo and passive protection. The biofilm characterizations in this 

work were performed only under static conditions. It would be interesting to determine if 
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the biofilm variations observed among the eight clinical strains would remain consistent 

under continuous flow conditions or in vivo. Increased clinical relevance, including the 

addition of a host immune response, could be attained by assessing the ability of the 

clinical isolates to establish infections in the chinchilla model of OM. After initial 

comparison of the infectivity and persistence of the strains, antibiotic treatment of the 

animals could be used to study their resistance in vivo. 

Ultimately, these remaining questions point to the need to acknowledge the 

heterogeneity of NTHi, and develop faster, more efficient methods of mass genetic 

sequencing and characterizing the variation in the bacterial surface and matrix 

components that contribute to biofilm formation. 
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Supplemental Figure 1. Extracellular protein levels among clinical isolate biofilms. 

24 hour static biofilms were established for the NTHi clinical isolates as described for 

Figure 11. Extracellular protein was stained with SYPRO Ruby Matrix stain for 30 

minutes. Biofilms were visualized by CLSM and protein biomass and average thickness 

were quantified by COMSTAT analysis. 
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Supplemental Figure 2. Characterization of Otis11 biofilm formation. Otis11 static 

biofilms were characterized by crystal violet assay (A), viability assay (B), and CLSM 

(C) as described for figures 10 and 11. Y-axis scales are consistent with those in figures 

10 and 11 for comparison purposes.  
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Supplemental Table 1. Otis11 minimum inhibitory concentrations. MICs of 

amoxicillin, ceftriaxone, clarithromycin, and azithromycin determined for Otis11 as 

described in the chapter II methods.  
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Supplemental Figure 3. Otis11 MBECs. Otis11 biofilms were established for 24 hours, 

then the media was replaced with fresh sBHI broth, vehicle control, or varying 

concentrations of amoxicillin (A), ceftriaxone (B), clarithromycin (C), or azithromycin 

(D). After incubation for 24 hours, supernatants were removed, and biofilms were 

resuspended in PBS, serially diluted, and plated to enumerate viable bacteria. Otis11 

biofilms were resistant to all four antibiotics at the maximum concentrations tested. 
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Results 

The NTHi strain Otis11 was used in Chapter I, but was not used in Chapter II. 

Preliminary experiments were performed to determine the biofilm characteristics and 

antibiotic susceptibilities for Otis11 following the methods as described in Chapter II. 

Otis11 24 hour static biofilms were characterized by total biomass by crystal 

violet staining (Supplemental Figure 2a), as well as bacterial biomass and average 

thickness by LIVE/DEAD staining for CLSM and COMSTAT analysis (Supplemental 

Figure 2c). The total biomass measurement placed Otis11 in the rankings between Otis7 

and Otis6, demonstrating low biomass relative to the rest of the strains. The COMSTAT 

analyses for bacterial biomass and average thickness showed Otis11 to form biofilms 

around the middle of the range of sizes measured for the eight other strains. 

 Otis11 24 hour biofilms demonstrated resistance to clearance by the highest 

concentrations tested of amoxicillin, ceftriaxone, clarithromycin, and azithromycin 

(Supplemental Figure 3). Since Otis11 was observed to have a low total biomass and 

moderate bacterial biomass and average thickness, the results appear to go against our 

hypothesis that smaller biofilms should be more susceptible to eradication by antibiotics.  
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