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Inflammation of the middle ear (otitis media, OM) is highly prevalent in 
childhood. Most often it is evident as an “ear infection”, a short-lived purulent 
inflammation termed acute OM (AOM). By the age of five, two-thirds of children 
in the “developed” world have suffered at least one episode of AOM1 (there are 
few estimates of prevalence of AOM in the “developing” world). In some children 
inflammation fails to resolve, leading to chronic middle ear disease, usually 
associated with a purulent (chronic suppurative OM, CSOM) or non-purulent 
(chronic OM with effusion, COME) effusion. COME is the most common cause 
of hearing loss in children in the “developed” world2, whereas CSOM is a major 
burden in the “developing” world3.

Despite the tremendous prevalence of disease, and a wealth of literature on 
OM, the pathobiology of middle ear inflammation remains poorly understood. 
Traditional views that suggest static or dynamic pressures in the Eustachian 
tube to be a major predisposing factor4 do not appear to stand up to scrutiny, 
and such theories are now questioned5. In common with inflammatory diseases 
affecting other organs, aetiology is likely to represent interplay at a molecular 
level, factoring complex interactions between pathogen biology and host 
response. In simple terms, AOM can be seen as a failure of the host to mount a 
sufficient immune response to ingress into the middle ear of potential pathogens 
such as non-typeable Haemophilus influenzae, Streptococcus pneumoniae, or 
Moraxella cattarhalis. In contrast, chronic forms of OM represent a failure of that 
inflammatory process to resolve, often leading to persistent middle ear effusion, 
but also causing tissue damage such as ossicular erosion, tympanic membrane 
retraction, tympanosclerosis, or cholesteatoma.

One of the difficulties facing molecular biology has been in trying to 
understand the key pathways driving the inflammatory process. Earlier analyses 
were based upon levels of proteins and genes expressed in the inflamed middle ear, 
but these analyses would invariably find that thousands of genes and proteins were 
upregulated6, and offer no clue as to which of these pathways may have initiated 
the response. However, recent advances in genetics have enabled new methods 
for analysis. Genetic mutations or variations can predispose to disease, and 
through an understanding of the functional effects of these variations/mutations, 
we can glean vital clues to the molecular pathways that may be activated. The 
most common type of genetic variation, and that playing the most important role 
in disease susceptibility, is the single nucleotide polymorphism (SNP), a single 
change in one of the four chemical bases forming the code of DNA. Such changes 
usually cause changes in the folding structure of the protein for which that gene 
codes, and so can subtly or significantly alter protein function.
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Unraveling genetics of otitis media
It is important to recognise that susceptibility to OM is highly heritable. A 

retrospective twin study estimated that population susceptibility to recurrent AOM 
in children is 49% due to inherited factors7. A prospective study of twins and 
triplets suggested that time with middle ear effusion (COME) is 72%8 inherited. 
Familial clustering of disease suggests that CSOM9 and cholesteatoma10 11 also 
likely have a significant genetic component in disease predisposition. This is borne 
out by the personal experience of many otolaryngologists, who report families 
they know where multiple generations are affected by recurrent or persistent OM. 
In common with other complex diseases, there will be no magic gene that holds 
the key to understanding OM; the genetic component to OM susceptibility will 
include hundreds of genes working in interaction, and also interacting with the 
genes of any potential pathogens.

Animal models represent one way to interrogate the genetic architecture of 
disease susceptibility. In particular the mouse has risen to prominence as a genetic 
model, and is now the preferred animal model for studies in otitis media12 (Figure 1). 
This is for good reason, the mouse is easy to breed, and shares 95% of its genes 
with us, but importantly, there is also a large toolkit available to manipulate mouse 
genes. Using transgenic technology, genes may be “knocked out” (removed), they 
may be “knocked-in” (extra genes added), or they may be mutated to alter their 
function13. These mutant mouse models, reared in a laboratory environment, can 
never be a perfect biological mimic of the human infant developing OM12, but 
because they can be manipulated they may be exploited to investigate potential 
molecular pathways underlying OM susceptibility. Of course, the findings 
must then be verified in man, to provide assurance that hypothesised molecular 
pathways translate. 

There are a large number of reported mouse models of OM, and a large 
number of human studies, which others and I have reviewed elsewhere14 15. In 
this chapter I select those studies that I think have been most helpful in moving 
forward our understanding of disease pathogenesis.
Figure 1. Axial section through the middle ear of the jumbo mouse. The middle ear mucosa (m)  
is hyperplastic and there is an inflamatory exudate (e) in the middle ear space.
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Genetics of AOM
A large number of genes are known to be upregulated in the acute 

inflammatory response in the middle ear6, making it very difficult to decide which 
of these is important. Investigators have selected particular molecular pathways 
and then tested these either in mouse or man.

Mice are not naturally susceptible to human otopathogens, and so 
Streptococcus pneumoniae or Non-Typeable Haemophilus influenzae must be 
experimentally injected into the mouse middle ear to induce an inflammatory 
response. Such injection has been coupled with the use of knock-out mice, those 
with specified genes rendered non-functional. If we see delayed, prolonged or 
more severe inflammation in a knock-out mouse, it suggests that the knocked-out 
gene serves an important role in the acute inflammatory response.

The Toll-like Receptors (TLRs) are part of the innate immune system, and are 
important in the early acute inflammatory response in a number of organs. They 
reside on the surface of leucocytes and detect proteins on the surface of microbes. 
Mice with knock-out of the toll-like receptor genes Tlr216, Tlr417 18 or Tlr919, or of 
molecules associated with TLR signaling (MyD8820 or Trif19) demonstrate delayed 
clearance of acute induced infection with otopathogens. These results suggest that 
TLR signaling does play an important role in acute OM, but given that all of these 
knock-out mice do eventually clear the infection, it also suggests that that role 
cannot or should not be considered absolutely critical.

The complement system is also an important component of the innate 
immune system. Complement proteins binds to microbes to cause membrane 
rupture, or to enhance leucocyte chemotaxis and phagocytosis. Tong et al have 
demonstrated delayed clearance of infection in mice with knock-out of the genes 
Bf, Bf/C2, and C1qa, all components of the complement system21. However, again 
all of these mice did eventually clear the infection.

Other components of the innate immune system that have been investigated 
with knockout mice are the intracellular signaling molecules Nod1, Nod2, Rip2, 
and Nirp3, with all these mutants showing delayed clearance of infection22. 
However, as with the TLR and Complement system knock-out mice, all these 
mice did eventually clear the infection.

What do these findings tell us about the genes that are important in AOM or 
recurrent AOM? It appears that no component of the innate immune response is 
by itself responsible for disease susceptibility.

It is possible that we are looking at the wrong component of the immune 
system. The adaptive mucosal immune system is difficult to isolate, and so 
comparatively little is known about how it functions when compared to innate or 
systemic immunity. In particular the mucosal immune system has the complex 
task of allowing tolerance of microbes on mucosal surfaces (the normal flora 
found on mucosa), yet mounting an immune response sometimes against exactly 
these same microbes if they become pathogens. Perhaps genes with central roles 
in adaptive mucosal immunity, for example those regulating B cell function, are 
important for the host immune response in AOM. Recurrent AOM usually does 
feature in children with congenital defects in mucosal immunity (e.g. Common 
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Variable Immune Deficiency, X-linked agammaglobulinaemia, or Hyper-IgM 
syndrome). In contrast children with defects in innate immunity often suffer 
from bacterial or viral infections in multiple organs (e.g. congenital or cyclic 
neutropenia, leucocyte adhesion deficiency, or bare lymphocyte syndrome). As 
our understanding of mucosal immunology improves, perhaps we will also better 
understand susceptibility to AOM.

An alternative explanation may be that susceptibility to AOM is due to 
variations at many many genetic loci, and that a minor variation in a single gene 
or pathway is insufficient to cause a problem, but that a multitude of variations 
in different genes in one individual can lead to a clinically distinct disease entity. 
Increasingly it is recognized that many complex and common diseases can be due 
to defects in any of hundreds or even thousands of genes, all leading to a similar 
disease picture. The immune system in known to utilize a huge number of genes, 
to generate a degree of redundancy. 

There have been many human studies of susceptibility to AOM, which are 
reviewed in detail elsewhere14 15. These studies have tested SNP variations in 
genes known to be involved in immune signaling. Disease susceptibility has been 
associated with variations in (for example) genes encoding leucocyte signaling 
molecules (TNFa, IL6, IL10, IFNγ,	 IL1α, CD14, MBL2), leucocyte receptors 
(TLR4), and middle ear mucins (MUC2, MUC5A2). However all of these human 
studies have had small numbers and have not been replicated, meaning their 
findings could be false. 

Given the potential complexity of genes involved in the acute inflammatory 
response in the middle ear, it may be difficult to make rapid advances towards 
a comprehensive understanding of the genetic basis of this disease. However 
there is hope that perhaps we may gain better understanding of some of the key 
components of immune response in AOM. Perhaps this would allow targeted or 
individualized vaccination against potential otopathogens based upon a child’s 
genotype.
Genetics of chronic OM

Chronic middle ear inflammation is the main reason for otological surgery. 
What leads to failure of inflammation to resolve is not well understood23, but may 
relate to the failure to switch off by regulators of inflammation, or ongoing antigen 
response from the persistent presence of pathogens.

A large number of mouse models with chronic otitis media have been 
reported, but most of them have a number of other anatomical or functional 
defects14, and so do not mimic the non-syndromic child with otitis media. There 
are however some exceptions. 

The Eya4 knockout mouse develops spontaneous chronic otitis media as 
well as sensorineural hearing loss24. However, in man EYA4 mutation leads to 
sensorineural hearing loss, without evidence of middle ear disease12, suggesting 
that the Eya4 gene may serve different functions in mouse and man.

In my laboratory we have recovered two mouse models of chronic otitis 
media from a mutagenesis screen. We subject male mice to a chemical mutagen 
that induces random point mutations in the DNA of their sperm, and then screen 
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their progeny for abnormalities, including audiological testing. From this screen 
we have found two mouse models that develop spontaneous chronic otitis media 
due to single gene point mutations. The Jeff mouse25 has a point mutation in the 
gene Fbxo11 and the Junbo mouse26 has a point mutation in the gene Evi1. Both of 
these mice develop spontaneous chronic otitis media within a few weeks of birth 
(they are kept in a pathogen free environment, without exposure to any known 
mouse pathogen). Histology of the middle reveals mucosal hyperplasia, with an 
exudate of leucocyte infiltration, but of variable cellularity (figure 1). Importantly, 
neither of these mice develops inflammation outside of the middle ear, nor do 
they show other significant abnormalities. Consequently they represent potentially 
excellent models for human chronic otitis media.

A number of groups have tested whether human susceptibility to otitis media 
may be associated with SNP variations in the genes FBXO11 and EVI1, the genes 
mutated in the Jeff and Junbo mouse models. No group has reported association 
with the gene EVI1, but there are reports for FBXO11. The Minnesota group 
analysed 142 families with signs or symptoms of OM, and reported the rs2134056 
SNP polymorphism in the gene FBXO11 may be associated with disease 
susceptibility. The Australian group tested 434 families with predominantly 
recurrent AOM and showed that the rs12712997 polymorphism in FBXO11 was 
associated with susceptibility, and verified this report in a separate cohort27. 
Preliminary data from my own study of 500 families with children suffering 
mostly from chronic OME also shows association with polymorphism at FBXO11, 
but at the rs2537742 polymorphism. Although these studies have each reported 
association with a different variant at the FBXO11 gene, taken together they 
strongly implicate that the gene FBXO11 plays a role in predisposition to middle 
ear inflammation in man.

Given that our mouse models appear to be reasonably good models of human 
disease, we have begun to exploit them to better understand disease mechanisms. 
Using the Jeffi mouse we have demonstrated that Fbxo11 is a regulator of 
signaling in the TGF-β pathway28.	The	TGF-β	pathway	known	 to	 interact	with	
hypoxia pathways, and so we have also started to look at hypoxia signaling.

Hypoxia (low tissue oxygenation) is a common finding in inflamed 
environments, because inflammation consumes cellular oxygen and also distances 
cells from vasculature. We have explored the role of hypoxia in chronic middle 
ear inflammation in our mouse models29. We find that in both the Junbo and Jeff 
mouse, hypoxia is present in the leucocytes and in the mucosa of the inflamed 
middle ear (Figure 2). Hypoxia responsive genes are upregulated, and in 
particular the gene Vegf. Interestingly if we systemically administer to our mice 
experimental Vegf receptor inhibitors (PTK787, SU-11248, and BAY 43-9006) 
we see downregulation of inflammation and moderation of hearing loss. This 
implies that hypoxia is a key pathway in the chronically inflamed middle ear, and 
that targeting hypoxia pathways could be a potential new medical therapy. Indeed 
we have surmised that surgical ventilation of the ear may also work through 
alleviation of cellular hypoxia by exposure to atmospheric oxygen.
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The future
We are only at the beginning of our 

understanding of the genetic basis of otitis 
media, but the field is advancing rapidly. 
Recently the Otigen consortium30 has been 
formed, a group of researchers in this field, 
with the aim of pooling or comparing DNA 
resources to enable more powerful and detailed 
genetic interrogation.

Our understanding of genetic susceptibility 
to acute otitis media remains as yet limited, 
but there are exciting new developments in 
our understanding of chronic otitis media, 
enabled through the development of mouse 
models of this disorder. In my laboratory we 
are continuing to explore the importance of 
hypoxia as a key mechanism of inflammation, 
including new studies on the expression of 
hypoxia genes in human otitis media. 

Future genetic studies will need to explore disease mechanisms more widely. 
In particular a method called genome-wide association (GWAS) can interrogate 
across the entirety of DNA to look for genes that may predispose to disease, and 
so potentially highlight new molecular pathways of middle ear inflammation. 
With the recent advances in mouse genetics, there is also an opportunity to test the 
function of any genes highlighted through a GWAS in mouse models, by targeted 
mutation of these genes and analysing consequent pathobiology.

Genetics has, and will continue to offer fruitful methods to explore disease 
mechanisms. Ultimately, the hope is that this leads to novel molecular therapies 
for the treatment of otitis media in children.
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