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Introduction
Chronic otitis media with effusion (OME) and recurrent acute otitis media 

(rAOM) are the most common reasons children will undergo surgery and respond 
poorly to antibiotic treatment. More than 33% of children will experience three or 
more episodes of AOM by three years of age 1. Increases in the numbers of children 
suffering from rAOM have been observed 2. Chronic OME is often unresponsive 
to treatment and rAOM often relapses within a month of completing antibiotics 3, 

4. While the important role of bacteria in OM development is acknowledged, these 
are often unable to be cultured from middle ear effusions and the mechanisms of 
recurrence and persistence are not well understood. Indirect evidence suggests 
bacterial biofilm and intracellular infection are involved. 
Biofilm

Biofilm formation is a universal mechanism used by bacteria for survival in 
the environment 5. The bacteria within a biofilm have an altered phenotype with 
respect to growth rate and gene transcription that their planktonic or free floating 
counterparts 6-9. Biofilm bacteria are difficult to culture, resistant to antibiotics and 
are the preferred bacterial phenotype adopted for chronic persistence 10. In vivo 
and in vitro data suggest that otopathogens are capable of forming biofilms and 
also of invading and surviving within cells. Bacteria can use these mechanisms to 
evade immune responses, both cellular and humoral, and to subsequently survive 
and persist within the host. Bacteria within biofilms are resistant to antimicrobial 
treatment due to their nutrient limited physiology and their adoption of the 
biofilm phenotype. Furthermore, bacteria residing within cells are protected from 
antibiotics incapable of penetrating the cell membranes (including those in the 
β-lactam	group).	
Intracellular infection

Intracellular persistence represents an additional mechanism by which 
bacteria, viruses and parasites are able to persist in the body and can act as an 
infection reservoir in persistent conditions. When bacteria become intracellular 
they are able to evade host immune responses and many antimicrobial therapies 
which do not penetrate the cell membrane well. There are a range of pathogens that 
which exploit intracellular environments including Mycobacterium tuberculosis in 
lung infections, Streptococcus pyogenes in tonsillitis, Escherichia coli in recurrent 
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urinary tract infections, Helicobacter pylori in chronic gastric infection and 
Salmonella in gastrointestinal infections 11-16. 
Intracellular infection in otitis media

Using transmission electron microscopy, our group was the first to 
demonstrate intracellular bacterial persistence in the middle ear mucosa of 
children with chronic OME 17. Based on PCR results positive for the presence of 
pneumolysin (a pneumococcal endotoxin) and morphological criteria these were 
identified as S. pneumoniae. However, due to limitations of electron microscopy 
methodology, biofilm was not demonstrated and the bacterial species present 
within the epithelial cells were unable to be definitively identified. 
Biofilm in otitis media

Most direct evidence of biofilms in OM has been from animal models 10, 

18; however, recent studies have demonstrated bacterial biofilm in the middle 
ears of children with chronic suppurative OM (CSOM), rAOM or OME 19-21. 
With the exception of the study by Hall-Stoodley et al who identified bacterial 
species in a subset of children 19, biofilms were demonstrated using mainly non-
specific imaging techniques including scanning electron microscopy and LIVE/
DEAD viability staining. This lack of pathogen identification limits the ability 
to determine the role that biofilm plays as a mechanism of persistence in chronic 
OME and rAOM and it was important to demonstrate otopathogens in these 
structures. 
Current	work	into	biofilm	and	intracellular	infection	in	otitis	media

Our group in Perth, Western Australia, has established fluorescent in 
situ hybridisation (FISH) techniques to identify otopathogens in biofilm and 
intracellularly in the middle ear mucosa of children suffering from rAOM and 
chronic OME. FISH is a technique which can be used to identify bacterial 
species using fluorescently labelled oligonucleotide probes targeting the 16S 
ribosomal RNA. A universal eubacterial probe and species specific probes for 
S. pneumoniae, Haemophilus influenzae and Moraxella catarrhalis have been 
established in our laboratory to assess middle ear mucosal biopsy samples using 
FISH and confocal laser scanning microscopy (CLSM). Using these techniques 
we have successfully identified both biofilm and intracellular infection containing 
known otopathogens (Figure	1). M. catarrhalis and S. pneumoniae were seen in 
both biofilm formations and intracellularly, however, H. influenzae appeared to 
be present more often intracellularly. Biofilm and intracellular bacteria were often 
present concurrently in the middle ear biopsies. Other bacteria for which species 
were not identified were also often present, this is indicative of the polymicrobial 
nature of this persistence mechanism.
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Figure	 1. Representative images taken from a mucosal biopsy of a child suffering from rAOM; FISH: 
Universal probe, M. catarrhalis, S. pneumoniae and Hoechst 33342 (nuclei stain). A) Extensive bacterial 
biofilm covering the middle ear mucosa. B) intracellular bacteria in middle ear mucosal cells, arrows 
point to the host cell nuclei surrounded by bacterial cells. Many of the bacteria evident were unidentified. 
However, S. pneumoniae were observed both intracellularly and in biofilm throughout the sample and M. 
catarrhalis were observed throughout the biofilms. Bars = 10µm.

Treatment implications
These findings indicate that intracellular infection and biofilm containing 

known otopathogens may contribute to bacterial persistence, leading to the failure 
of conventional therapies and to the recalcitrance of infection. These biofilms are 
often polymicrobial in nature and are likely to contain species other than those 
commonly identified as otopathogens. This has implications for designing future 
treatment strategies as bacteria within biofilms are largely resistant to antimicrobials 
and many antibiotic treatments fail to target intracellular bacteria. It is apparent 
that both of these persistence mechanisms need to be targeted if treatments are to 
be effective. Methods to disrupt biofilms and to target intracellular bacteria need 
to be considered and combination treatments are likely to be necessary. 
Future	Work

Similarly to what we have observed in middle ear infections, intracellular 
infection may be present in the tissues of the upper and lower respiratory tracts 
providing an additional mechanism by which bacteria can persist and reinfect 
the host. This persistence mechanism may also be important in other chronic 
conditions including chronic rhinosinusitis, obstructive sleep apnoea and cystic 
fibrosis. While most studies have focussed on the presence of biofilm in these 
conditions little work has been conducted considering the role that intracellular 
infection may play. The concurrent presence of biofilm and intracellular infection 
with known pathogens needs to be explored as it may have major implications in 
tailoring new treatments to eradicate underlying infection reservoirs. 
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