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ABSTRACT

Otitis media (OM), middle ear infection, represents a significant burden on children, their
families, and the healthcare system. OM is the major cause of hearing loss in children and if
left untreated in children who suffer chronic and recurrent forms of OM, this disease can have
serious life-long sequelae. Chronic and recurrent OM are recalcitrant to current therapies due to
the formation of biofilms and intracellular biofilm pods by otopathogens on the middle ear
mucosa and within the middle ear fluid. These pathogens actively hijack the children’s own
immune response and persist in the neutrophil extracellular trap-derived DNA in the middle ear.
Children who suffer from chronic and recurrent forms of OM have also been shown to have
reduced antibody levels to important anti-biofilm protein antigens. These both represent poten-
tial targets for treatment or prevention and are under investigation.
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Otitis media in Australia

Globally, there are estimated to be more than 709 million cases of acute OM annually, with
more than 51% occurring in children under 5 years of age.' In Australia alone, OM affects
up to 365000 children each year, representing a massive burden on families and the
healthcare system.” The conductive hearing loss associated with OM can cause difficulties
in language development, learning behaviour and has long term impacts on a child’s life
course.® Although most children will experience at least one episode of OM by their second
birthday, up to one-third of children suffer from recurrent acute OM (rAOM), which is
characterised by the presence of a reddened bulging ear drum, ear pain and fever (defined
as having three episodes of AOM in 6 months or four or more in 12 months), or chronic
otitis media with effusion (cOME also known as ‘glue ear’), which is characterised by the
presence of bulging ear drum without inflammation, and fluid in the middle ear in the
absence of systemic symptoms (defined as the presence of fluid for 3 months or longer).*
Children with cOME are usually unresponsive to medical treatment, and those with rAOM
often experience repeat infection within a month of antibiotic use.” Although ~33% of non-
Indigenous children develop rAOM or cOME, 50-90% of all Australian First Nations
children will have developed recurrent or chronic OM by 12 months old and this often
persists to school age.®” Australian Aboriginal children suffer the highest prevalence of
chronic OM in the world including chronic suppurative otitis media (CSOM), which is
defined as the presence of otorrhoea (ear discharge) through an ear drum perforation for
2-6 weeks or more.* CSOM is the most severe form of OM and the rates among Australian
Aboriginal children are the highest globally (15%), being declared by the WHO as a ‘public
health emergency requiring urgent attention’.®

Current treatments for OM

Pain and fever management (i.e. paracetamol), and antibiotics are the most common
treatments for OM.?> Pneumococcal conjugate vaccines have also reduced OM from pneu-
mococcal serotypes covered in the vaccine; however, their overall effect on OM has been
limited with an increased incidence of disease from non-vaccine serotypes and other
pathogens, such as non-typeable Haemophilus influenzae (NTHi).® Analgesics, antibiotics
and currently available vaccines have no effect on the chronicity or recurrence of OM and
the final treatment is usually surgical through grommet insertion. Although grommets are a
moderately effective short-term intervention,'® up to 43% of children undergoing grommet
surgery will require repeat surgeries for the recurrence of cOME or rAOM following
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extrusion or blockage of the grommet.'' Importantly, the
current treatments available for OM do not target the under-
lying mechanisms of microbial persistence and thus have
limited efficacy. These treatments need to be improved to
target persistence mechanisms to be more effective, minimise
sequelae and reduce hospital wait-list times.

Microbiology of chronic OM

Although preceding viral upper respiratory tract infections
are associated with the development of AOM in children,
most chronic disease is caused by bacterial infection with
NTHi, Streptococcus pneumoniae and Moraxella catarrha-
lis."> NTHi is now the predominant otopathogen isolated
from the nasopharynx and middle ear of children with OM
globally.’ Colonisation of the nasopharynx with at least one
of these otopathogens is a prerequisite for developing OM.
Although transition from colonisation to disease is not well
understood, increased density of otopathogens in the naso-
pharynx is seen to correlate with OM onset.'>™>

Biofilms in otitis media

Historically, the different presentations of OM in children,
particularly cOME and rAOM, were believed to be due to
different aetiologies. Many effusions from children with
cOME were sterile on culture, which suggest to clinicians
that this condition was related to inflammation and allergy.
With the development of molecular based techniques,
researchers were able to demonstrate this condition was
due to the presence of non-culturable otopathogenic bacte-
ria (likely persisting in biofilms).

Biofilms and intracellular infection play a major role in
chronic and recurrent disease processes and are implicated
in more than 80% of all human microbial infections. The
presence of biofilm clinically is characterised by an inability
to culture the bacteria using standard culture methods, but

Fig. I.

by being able to determine their presence using molecular
methodologies. Biofilms are defined as clusters of bacteria
embedded in a polymeric matrix, which have enhanced
resistance to both antimicrobials and host defences com-
pared to their planktonic state.'® In 2004, our team demon-
strated for the first time that the otopathogens were present
in biofilms on the middle ear mucosa of children with
CSOM.'” Since then, we and others have demonstrated
both multi-species (polymicrobial) bacterial biofilms and
single-species intracellular biofilms on the middle ear
mucosa and within the middle ear effusion of children
with rAOM, cOME and CSOM (Fig. 1).'77%!

Targeting biofilms in OM

Clinically, biofilms prove difficult to treat particularly when
associated with tissues that cannot be removed or physically
debrided. Therefore, efforts need to be targeted towards pre-
venting initial formation (or re-establishment) and destabilis-
ing biofilms present through physical or immune-mediated
means. When bacteria are forced into their planktonic phase,
they are more susceptible to antimicrobials and host immune
mechanisms than when in their pre-biofilm state.??

Destabilisation of biofilms by targeting
structural components

Biofilms require a DNA component, which may be bacterial or
host derived, to maintain their infectious reservoir and provide
increased resistance to host defences and antimicrobials.?* The
middle ear effusion we see in OM largely consists of host-
derived DNA from neutrophil extracellular traps (NETs)
(Fig. 1).>?3 NETs are an active immune mechanism where
neutrophils release DNA embedded with antimicrobial pep-
tides and enzymes to confine, bind and kill bacteria.>* In OM,
otopathogenic bacteria have been demonstrated to induce and
hijack NETs to form a DNA scaffold in which they can reside,

375 um

Biofilms, both extracellular and intracellular, are present on the middle ear mucosa and in the middle ear effusion of

children undergoing surgery for recurrent acute otitis media. Maximum projection images of (a) a polymicrobial biofilm
containing S. pneumoniae (green), NTHi (orange, indicated by white arrows) and other non-identified species (red) in extracellular
DNA (blue cloud) on the middle ear mucosa (blue nuclei), (b) single species intracellular NTHi biofilm pods (light pink indicated
by yellow arrows) on the middle ear mucosa (blue nuclei), (c) live bacteria (green) both singularly and in biofilms associated with
neutrophil extracellular trap-derived DNA (red) in the middle ear effusion.
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proliferate and evade antibacterial attack.?"%>° In vitro, the
application of a clinically used recombinant DNAse, Dornase
alfa, to middle ear effusion from children with OM resulted in
complete degradation of NET-derived DNA.?" This observation
led to a Phase 1B, clinical trial (CTN#2011/0635) that
demonstrated that Dornase alfa was safe and well tolerated
(R. B. Thornton, S. Jeffares, E. Seppanen et al., unpubl. data)
and subsequently a Phase 2B, extended-dosing randomised
control trial (ACTRN12619001306101) is currently underway.

Immune mediated prevention or treatment
of OM biofilms

Traditionally, vaccines have been developed targeting acute
or systemic infections with animal sepsis model testing
performed to demonstrate potential effectiveness in
humans. Candidate vaccine identification is often based on
antigen conservation across strains and protection against
acute, often fatal diseases. Historically, for conditions such
as OM, development or testing of these antigens rarely if
ever considers the chronicity of infection, often due to a lack
of suitable animal models or understanding of the microbial
persistence mechanisms being targeted.

Our early data assessed whether there were deficiencies in
antibody responses to candidate vaccine proteins for the com-
mon OM pathogens S. pneumoniae and NTHi, in otitis-prone
children compared to non-otitis-prone children. These pro-
teins largely consisted of known candidate antigens to protect
against invasive disease and included pneumolysin, pneumo-
coccal surface proteins A 1 and 2, and choline binding protein
for S. pneumoniae, and outer membrane proteins 4, 6 and 26,
and protein D from NTHi. Using these, we demonstrated that
overall there were no differences in antibody titres between
otitis-prone and non-otitis-prone children except for NTHi
protein D, which facilitates adhesion and is included as a
carrier protein in the 10 valent pneumococcal conjugate vac-
cine and was subsequently shown to have an effect on OM in
children.?”*® Subsequently, we assessed responses in these
same children to other proteins that have been demonstrated
to play important roles in adherence, biofilm formation and
maintenance, PilA (Fig. 2) and a chimeric version of PilA
linked to outer membrane protein 5, ChimV4.2°~3! Assessing
natural responses in children to these highly conserved, but
clinically relevant proteins, we saw that otitis-prone children,
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Fig. 2. Schematic of NTHi candidate vaccine antigens and their role
in disease.
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and in particular Australian Aboriginal otitis-prone children,
had reduced antibody responses when compared to non-otitis-
prone children.?®? Together these data highlight the need to
better understand the differences in protein expression and
develop appropriate disease models to identify suitable vac-
cine candidates to both prevent and resolve chronic diseases
such as OM. These future strategies also need to take into
account the polymicrobial nature of this disease.

Intracellular biofilm pods

Otopathogens are able to form single species biofilm pods in
the middle ear mucosal cells of children with OM.'®2!
Intracellular biofilm pods enable the added protection of
an intracellular niche that is unable to be accessed by
many antimicrobials or host immune mechanisms allowing
these bacteria to persist to re-seed infection at a later time.
Understanding this phenomenon and developing appropri-
ate treatments for these biofilms require further research.

Conclusions

Chronic and recurrent OM are biofilm-related conditions
that result in major impacts on children, their families, the
healthcare system and have the potential to affect a child’s
entire life course. Currently no effective treatments or pre-
ventative therapies exist; however, several therapeutics are
currently being developed and evaluated.
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