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Abstract: Inflammation of the middle ear, otitis media, is a significant cause of pain and reduced auditory 

acuity in children. Recurrent episodes may delay development of speech, learning and social behaviour. 

Streptococcus pneumoniae, non-typeable Haemophilus influenzae and Moraxella catarrhalis are most often 

implicated. These bacteria colonise the nasopharynx asymptomatically but host tolerance of high 

nasopharyngeal load contributes to onset of inflammation. Immunosuppression is evident in susceptible children 

which may contribute to tolerance and therefore to progression to chronic disease. While the causative factors 

involved in the immunosuppressive response are not known, evidence from other mucosal sites suggests that T 

regulatory (Treg) lymphocytes, a subset of T helper (TH) lymphocytes, contribute to regulation of 

immunosuppression to commensal bacteria and promote advancement of infection. The major function of Treg 

lymphocytes is induction of immune tolerance via immunosuppression in the periphery to foreign and self 

antigen. They have been identified in adenoids and tonsils and are known to have a positive association with 

pneumococcus nasopharyngeal colonisation. Interestingly, the pro-inflammatory TH17 lymphocyte response to 

S. pneumoniae is reduced in pneumococcal-positive children. Furthermore, inadequate T lymphocyte 

proliferation to non-typeable H. influenzae is evident in otitis media-prone children. A weak T lymphocyte 

repertoire in young children may explain high nasopharyngeal bacterial carriage observed in this population. 

However, TH17 and TH1 lymphocyte responses may be subdued due to Treg lymphocyte suppression. The 

immune factors that regulate nasopharyngeal colonisation are not well understood and further research is 

required to elucidate the immunological mechanism that underlies development of otitis media. 
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INTRODUCTION 

 “Inasmuch as the nasopharyngeal tonsil is the critical site for the early events that will lead to the 

development of both otitis media and sinusitis, it appears that manipulation of this area with strategies other 

than antibiotics could be successful in the prevention of colonization and the subsequent development of 

inflammation of the upper respiratory tract” [1]. This statement provides the critical reasoning for the 

importance of investigating characteristics of the adenoid that may contribute to the pathogenesis and 

persistence of otitis media (OM), inflammation and dysfunction of the middle ear. For centuries, dating back as 

far as Hippocrates in 400 BC, OM has been documented, yet approximately 2500 years on OM remains a 

prevalent disease within a modern society, but it has evolved into a well-defined condition [2]. The aetiology of 

OM is complex and may be attributed to multiple factors including, age, viral and bacterial milieu, congenital or 

acquired immunodeficiency, allergy, Eustachian tube dysfunction or facial structure abnormalities, genetic, 

racial, socio-economic and environmental exposures [3].  

 OM is a major burden on health services worldwide. Native American, Alaskan, Canadian and Australian 

Aboriginals are ethnic populations at high risk for developing OM [4-6]. More than 80% of Australian children 

will have suffered with an OM infection by age three. Of these, almost 40% of children will develop recurring 

infections, with little relief experienced from antibiotic therapies [7]. Children suffering with these infections 

experience pain and decreased hearing that may be acute or chronic, with long-term consequences including 

poor hearing and speech, and under developed learning and social behaviours [5]. The current estimated burden 

of OM on the Australian Health Services exceeds $100 million annually and is due largely to a lack of available 

preventative therapies [7]. 

 It has become evident through rigorous clinical research that immunosuppression is evident in OM-prone 

children, which may contribute to the pathogenesis of OM and the progression to chronic disease [8, 9]. What 

determines these children to have an immunosuppressive response is still unclear. However, there is evidence at 

other mucosal sites under similar microbial loads that T regulatory (Treg) lymphocytes, a subset of T helper (TH) 

lymphocytes, contribute to the regulation of immunosuppression to commensal bacteria and contribute to the 

progression of infection and chronic disease [10]. The adenoids and tonsils are the only secondary lymphoid 

organs that are localised to the nasopharynx and middle ear. There is evidence that adenoidectomy in children 

suffering from chronic OM improves the clinical outcome by reducing the incidence of disease [1]. It is often 

suggested that these improvements are due to the removal of the inflamed, and sometimes necrotic, tissue and 

the associated microbiological reservoir [11]. It remains unknown however, whether or not this phenomenon 
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occurs due to factors associated with local cellular immunity due to removal of the secondary lymphoid organs 

of the nasopharynx.  

 This paper presents the microbiology and pathophysiology of OM, with an overview of the current 

understanding of cellular immune factors associated with OM. The Treg and TH17 cellular populations are a 

particular focus, with discussion of their importance in balancing the inflammatory response to common 

commensals and opportunistic pathogens at mucosal sites. 

THE RESPIRATORY SYSTEM 

 The three major compartments of the respiratory system include the lower respiratory tract, nasopharynx 

and middle ear (Fig. 1). These three sites of the respiratory system are vulnerable to many infections, as the 

nasopharynx is host to a milieu of viral and bacterial organisms [12]. The epithelium, mucous secretions, ciliary 

clearance and various immunological cells are important physical, cellular and chemical defences the body 

employs to clear the respiratory tract of foreign particles and harmful microbes. When these defences become 

compromised, infection can occur, causing discomfort, pain and impaired function [13]. Although it is evident 

that the physiology of the Eustachian tube influences the development of middle ear infections, what is not well 

understood is what immune factors mediate the progression from nasopharyngeal colonisation to middle ear 

infections [14].  

Immunocytology and Physiology of the Nasopharyngeal Lymphoid Tissue  

 The secondary lymphoid organs in the upper respiratory tract (URT) are localised in the Weldeyer’s ring. 

This is an arrangement of four secondary lymphoid organs in a circular rotation of the throat that consists of the 

palatine, tubal, lingual and nasopharyngeal (adenoid) tonsils [15]. The palatine and lingual tonsil and the 

adenoid are the dominant lymphoid organs of the Weldeyer’s ring with the palatine tonsil and adenoid most 

studied due to their availability from tonsillectomy and adenoidectomies [16]. Although the tonsils and adenoids 

have a complex physiology, two regions of interest are the extrafollicular areas and mantle zones as this is 

where cellular and humoral acquired immunity is most active within these tissues. In the extrafollicular areas, 

dendritic cells (DC), interdigitating DC, macrophages, mast cells and lymphocytes are found [16-19]. Within the 

lymph nodes of the adenoids and tonsils are the follicular zones and the germinal centres (Fig. 2). Follicular DC 

with long processes extending out to lymphocytes and plasma cells, and mast cells are found in the lymph 

nodes. However, the follicular zones consist mainly of T lymphocytes while the germinal centres are abundant 

in naive B lymphocytes [17, 20]. As the adenoids and tonsils are the primary source of immune cells in the 
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upper airways, it is speculated that local immune regulation of the middle ear and nasopharynx may come from 

these secondary lymphoid organs, although this concept is very under-researched and lacks understanding [1]. 

Immune Factors of the Nasopharynx and Middle Ear 

 Immune system factors present in the nasopharynx include interferon (IFN) types I and III, β-defensins, 

lactoferrin, lysozyme, cathelicidins and mucins, all of which have antimicrobial properties, although the IFNs 

and cathelicidins are yet to be identified in the human middle ear or nasopharyngeal lymphoid tissue [13, 21-

31]. Down-regulation of mRNA or protein expression of the microbial molecule-specific pattern recognition 

receptors (PRR) retinoic acid-inducible gene 1, NACHT, LRR and PYD domains-containing protein 3 

(NALP3), and Toll-like receptor (TLR) 3, 4, 7 and 9 is evident in the accumulation of fluid (effusion) in the 

middle ear and in the middle ear mucosa of OM-prone children compared to non OM-prone children [32, 33]. 

Lymphoepithelial tissue of the tonsil and adenoid express TLR4, 7, 9, and, especially strongly, TLR3, which is a 

significant PRR for antiviral responses [34, 35]. Additionally, a large number of IFN inducible genes and signal 

and regulatory factors are up-regulated in human middle ear epithelial cell (EC) cultures in a dose- and time-

dependent manner in response to Influenzae A virus infection [36]. These include myeloid differentiation 

primary response gene 88 (MyD88), a signal transducing adaptor protein used by most TLRs to activate the 

‘rapid-acting’ primary transcription factor NF-κB in response to harmful cellular stimuli, and  interferon 

regulatory factors 1 and 7, signalling factors for the production of pro-inflammatory cytokines and IFNs [36]. 

Other examples include genes that encode for the proteins vipirin, myxovirus resistance 1 and 2, and 2’,5’-

oligoadenylate synthetase 1 and 2, all of which are involved with degradation of viral components and inhibition 

of viral replication [36]. Based on the evidence that human middle ear mucosa and nasopharyngeal lymphoid 

tissue have EC that express PRR, signal and regulatory factors and IFN inducible genes designed for viral 

detection and inhibition, and that both sites are known for the isolation of common respiratory viruses such as 

respiratory syncitial virus (RSV) and rhinovirus (RV) that often predispose bacterial OM, it is possible that the 

human middle ear and the nasopharyngeal lymphoid tissue are potential sites for type I and III IFN production. 

This is due to the fact that the above innate immune response molecules are necessary for downstream IFN 

production following viral pathogen-associated molecular pattern (PAMP) recognition. Supporting this notion 

are studies in mice which have shown the ability of the nasal-associated lymphoid tissue (NALT) to express 

IFN-α and IFN-β mRNA and multiple IFN-stimulated genes following pneumococcal colonisation [37]. The 

detection of IFNs in the middle ear mucosa of rodents has also been reported [38]. 
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 TLRs and nucleotide-binding oligomerization domain-containing proteins (NODs), also involved in 

pathogen recognition, are expressed in the middle ear mucosa, although at reduced levels in OM-prone children 

[33]. The distribution of these PRR between the nasopharynx and middle ear is unknown, although research in 

rodents has demonstrated that PRR expression increases at the proximal end of the Eustachian tube [39]. This 

could indicate that the innate immune mechanisms of the nasopharynx have evolved to prevent colonisation at 

this site in order to maintain the sterile environment of the middle ear and thereby prevent infections. The 

immune processes in the URT contributing to such host homeostasis and colonisation are, however, poorly 

understood [39, 40]. TLR, γδ T lymphocytes, intraepithelial lymphocytes, natural killer (NK) cells, DC, T 

lymphocytes, B lymphocytes, neutrophils and macrophages are also distributed throughout the nasal mucosa 

[34, 35, 41, 42]. Some of these cell types have been identified in the middle ear mucosa and in middle ear 

effusion, although they are not as well characterised in this region of the nasopharynx [32, 33, 43, 44]. In animal 

models of OM it is known that lymphocytes enter the middle ear via blood circulation [45]. However, what 

remains to be established is how local or distal lymph trafficking influence the acquired response in this site. 

Furthermore, the immune trafficking of lymphocytes to the middle ear in the human is not understood.  

OTITIS MEDIA 

 OM is defined as inflammation of the middle ear associated with an effusion within the middle ear [46]. 

OM presents in a range of pathologies from acute OM (AOM) through to chronic suppurative OM (CSOM). 

Symptoms differ in the degree of severity from mild inflammation to tympanic membrane perforation with 

effusion [46]. AOM presents with at least one of the acute signs of inflammation of the middle ear such as 

otalgia, irritability, bulging or redness of the tympanic membrane, otorrhoea or fever. In the early stages of 

infection middle ear effusion may not be present. However, quite often infection progresses in which middle ear 

effusion (MEE) accompanies the signs of inflammation and is visible as cloudiness within the middle ear [47]. 

AOM may progress to OM with effusion (OME) that is defined due to the presence of MEE, although unlike 

AOM, there are no obvious signs of acute inflammation. Some temporary hearing loss may be evident in both 

conditions [47, 48]. AOM and OME may evolve to a chronic condition if it is recurrent for more than 3 times in 

6 months, known as recurrent AOM. If the infection persists for 3-12 weeks it becomes subacute and if longer 

than 12 weeks it is known as chronic OM (COM) or COM with effusion (COME) [47]. Acute exacerbations 

may be evident during the course of COM and COME, and this often presents with a purulent discharge or 

suppuration, hence the term CSOM. Acute suppurative OM may also occur depending on the severity of the 

infection [47].  
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Otitis Media Pathophysiology 

 OM is a complex polymicrobial disease in which infections occur with virus, bacteria or sometimes both 

concurrently. The respiratory viruses that cause OM or predispose to the bacterial infections that cause OM 

include RSV, influenza A and B virus, parainfluenza virus type 1, 2 and 3, adenoviruses, enteroviruses and RV 

[49]. Clinical investigations have confirmed that the aetiology and pathogenesis of OM is associated with upper 

respiratory viral infections [50]. These infections exacerbate the clinical and bacteriological outcome of OM by 

compromising mucosal physical barriers, enhancing bacterial adherence to respiratory EC, and altering immune 

cell function and gene expression [49, 51, 52]. Streptococcus pyogenes, group A Streptococcus, Pseudomonas 

aeruginosa, Staphylococcus aureas and Alloiococcus otitidis are bacteria that may cause OM, however not 

predominantly [53-55]. The three most common species of bacteria cultured from OM infections are non-

typeable Haemophilus influenzae, Moraxella catarrhalis and most commonly cultured, Streptococcus 

pneumoniae, [52, 54]. A factor in common to all these bacteria is that they are commensals of the nasopharynx 

which become aggressive opportunistic pathogens when physiological conditions are compromised and/or there 

is a shift in immune homeostasis. This may be influenced by carriage load, changes in the nasopharyngeal 

mucosa integrity, microbial community in the nasopharynx and the associated immune response. All of these 

factors are intricate and involve multifactorial microbial and immunological processes that are not entirely 

understood [56-59].  

 S. pneumoniae, M. catarrhalis and non-typeable H. influenzae colonise the nasopharynx asymptomatically 

but host tolerance of their high nasopharyngeal loads contributes to the development of OM. While M. 

catarrhalis naturally colonises healthy children, carriage rates may be as high as 100% by three months of age 

[60]. Likewise, pneumococcal colonisation establishes early in life and also occurs in high loads, accounting for 

up to 70% of nasopharyngeal bacterial colonisation in some high risk populations [52, 61]. Non-typeable H. 

influenzae colonisation of the nasopharynx constitutes a large proportion of the Haemophilus species that 

account for around 10% of nasopharyngeal normal flora [62]. Like M. catarrhalis and S. pneumoniae, non-

typeable H. influenzae has a dominant nasopharyngeal carriage rate of approximately 60% in infants in some 

ethnic populations but colonises the nasopharynx after M. catarrhalis and S. pneumoniae. As the immune 

system develops, particularly cellular immunity, pneumococcal carriage will decrease to between 2-10% by 10 

years of age, and by adulthood M. catarrhalis colonisation will occur in only 1-5% of individuals. However, 

during OM and other respiratory tract infections, nasopharyngeal colonisation of these commensals increases 

[60, 63]. Higher carriage rates of M. catarrhalis may also be evident in persons with pre-existing respiratory 
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conditions including allergic sinusitis and chronic obstructive pulmonary disease [58, 64]. Collectively, this 

research indicates a shared characteristic of these bacteria to colonise nasopharyngeal mucosa in high loads 

during infancy and early childhood, with colonisation levels diminishing into adulthood. Although this may 

coincide with maturation of immunity, the immunological factors that regulate bacterial colonisation are not 

well understood and therefore merit a greater focus in current research of OM [52, 65].  

THE IMMUNE RESPONSE TO NASOPHARYNGEAL COLONISATION 

 The polymicrobial features and carriage load variations which have been described are characteristics of 

nasopharyngeal colonisation that influence immune responses at this site. Nasopharyngeal colonisation studies 

of S. pneumoniae and of H. influenzae, in either murine colonisation models or human respiratory epithelial in 

vitro models, demonstrate enhanced local acute inflammatory responses during dual colonisation compared to 

single colonisation. Neutrophil influx is increased in the nasal mucosa of mice during dual colonisation 

compared to single colonisation. Furthermore, S. pneumoniae nasal colonisation was reduced in the presence of 

H. influenzae, and this was found to be mediated through components of H. influenzae activating complement-

dependant neutrophil phagocytic killing of S. pneumoniae [66]. The inflammatory cytokines involved in 

neutrophil recruitment, macrophage inhibitory protein (MIP) 2 in mice and interleukin (IL)-8 in humans, are 

also elevated during dual colonisation [66, 67]. In this rodent model it was found that the MIP 2 induction was 

dependent on S. pneumoniae production of pneumolysin and the activation of the p38 mitogen-activated protein 

kinase [67]. In single bacteria nasal colonisation rodent in vivo and ex vivo models, complement-mediated 

neutrophil phagocytosis has also been shown to have a role in the clearance of H. influenzae nasal colonisation 

[68].  

 During the inflammatory response, the platelet-activating factor receptor (PAFR) expression is up-

regulated on epithelial and endothelial surfaces [69]. S. pneumoniae binds to the PAFR through its ligand 

phosphorylcholine, which upon ligation, S. pneumoniae undergoes translocation into the cell via endocytosis 

[70]. The early inflammatory process associated with this infection state is due largely to neutrophil infiltration 

into the mucosa from transendothelial migration [71]. A study using a transmigration in-vitro model has shown 

that neutrophils migrate across an endothelial monolayer in response to live wild-type S. pneumoniae in a dose-

dependent manner, however killed wild-type S. pneumoniae and mutant pneumolysin-deficient S. pneumoniae 

only induce neutrophil migration at a minimal level, indicating that the pneumococcal toxin, pneumolysin, and 

live S. pneumoniae are important factors in eliciting a potent early inflammatory response in the mucosa [71]. 
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The PRR TLR2, TLR 4 and NOD1 are important in the clearance of encapsulated strains of H. influenzae, 

however neutrophils were found to enhance the killing of H. influenzae when accompanied by TLR4 signalling 

pathways [68]. Mice lacking TLR4 had enhanced nasal colonisation loads of H. influenzae, however not as 

effectively as mice lacking TLR2 or NOD1. The TLR4 knockout mice did however exhibit significantly higher 

levels of H. influenzae prolonged survival (colonisation levels detected at 14 days post inoculation) compared to 

the TLR2 and NOD1 knockout mice. Interestingly, TLR2 knockout mice had diminished neutrophil activation 

compared to TLR4 and NOD1 knockout mice, suggesting that the TLR2 signalling pathway may be important 

in controlling encapsulated H. influenzae colonisation through neutrophil activation. Taken together, these 

findings indicate that TLR2, TLR4 and NOD1 signalling pathways are important in the hosts innate immunity to 

nasal colonisation by encapsulated strains of H. influenzae [68]. In contrast, the lack of expression of TLR2, 

TLR4 or NOD1, and a deficiency in neutrophils, did not alter the clearance of non-typeable H. influenzae (non-

encapsulated strains) indicating that there are redundancies in place that can eliminate this coloniser, likely 

complement-induced antibody opsonisation-mediated phagocytosis as the lack of the polysaccharide capsule 

render the bacteria more susceptible to such immune mechanisms [68]. The signalling molecule MyD88 that is 

common to the TLR family signalling cascade has been found to be crucial in host immunity to S. pneumoniae 

nasal colonisation and systemic infection [72]. In nasal colonisation and infection rodent models, mice lacking 

MyD88 had higher S. pneumoniae nasal colonisations loads, more severe lower respiratory infections and 

systemic infections indicated by a quick onset and high bacterial loads, significantly decreased survival rates, 

and decreased innate immune responses indicated by reduced neutrophil and polymorphonuclear leukocyte  lung 

infiltration, decreased tumour necrosis factor (TNF)-α, IL-6 and chemokine ligand 1 (KC) and reduced signs of 

an inflammatory reaction in the lungs. These results clearly indicate that MyD88 in the TLR signalling pathway 

is crucial in the local and systemic cytokine and leukocyte-associated immune response to S. pneumoniae 

colonisation and infection [72].   

Cytokine Responses to Nasopharyngeal Colonisation 

 The middle ear mucosa is capable of mounting an inflammatory response to OM pathogens including S. 

pneumoniae and A. otitidis. During such an inflammatory response cytokines including IL-8, IL-1β, IL-6 and 

TNF-α are generated which represent both innate and adaptive immunity lineages [73]. Children with recurrent 

OM have demonstrated impaired IL-2 and IL-4 production by adenoidal lymphocytes after restimulation with S. 

aureus. Furthermore IFN-γ is released by adenoidal lymphocytes in response to the same restimulation. 

However, this TH1 response is subdued in such lymphocytes compared to peripheral blood lymphocytes, 
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indicating that mucosal immunity to nasopharyngeal colonisation is suppressed when compared to the systemic 

response [74]. Mice starting out at 1, 2 and 6 weeks old, representing neonatal, infant and adult mice, 

respectively, showed significant differences in their macrophage, chemokine and cytokine responses when 

challenged with S. pneumoniae in a 7 or 14 day colonisation model. Overall, the neonatal and infant mice had 

reduced granulocyte colony-stimulating factor, granulocyte macrophage colony-stimulating factor, monocyte 

chemotactic protein-1 and the neutrophil attractant chemokine (C-X-C motif) ligand-1. IL-1α, IL-6, TNF-α and 

IFN-γ cytokines were also significantly reduced compared to the response of adult mice. The only exception to 

this trend was the response of IL-10, which was 15-fold higher in neonates than in adult mice [65]. These 

experimental findings indicate that in infancy, neutrophil recruitment and activation, T lymphocyte development 

and survival, and induction of TH1 and TH17 responses may be impaired as the cytokines and chemokines that 

are restricted in the infant mouse are important to these innate and adaptive immune processes. This is 

particularly important in relation to pneumococcal nasal colonisation since neutrophils and TH17 lymphocytes 

are regarded as important mediators of S. pneumoniae clearance [75].  

Adaptive Immunity to Nasopharyngeal Colonisation 

 The adaptive component of the immune system involves a complex network of many cell types and 

molecules that act in concert to mount an aggressive, quick and effective response to counter a challenge with a 

pathogenic microbe. In addition to EC, the key immunological cells include activated myeloid cells, such as 

macrophages, monocytes and DC, as well as B lymphocytes and a variety of subsets of T lymphocytes of 

polarised function. During TH lymphocyte activation the cells will adopt a particular cytokine profile and mature 

into effector lymphocytes of the phenotype TH1, TH2, TH3, TH9, TH17, TH22 or T follicular helper lymphocytes 

(TFH). Through cell to cell contact or messenger molecules such as chemokines and cytokines, these cell types 

communicate with each other to generate an optimal response to clear an infection [76]. In some cases immune 

tolerance may be induced for non-threatening commensals at mucosal sites or to suppress excessive 

inflammatory responses that may be damaging to host tissue [10, 77, 78].  

 In the URT it remains unclear exactly what adaptive immune pathways and mechanisms regulate the 

response to bacterial colonisation. The bacterial load that is present at any given time may influence immune 

function in the nasopharynx as there is a direct correlation between nasopharyngeal bacterial load and increased 

proliferation of T and B lymphocytes [79]. Since larger lymphocyte populations do not necessarily equate to 

greater lymphocyte activation, this often contributes to the problem of hypertrophic adenoids in diseased 
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patients [80]. Investigations into the effects of pneumococcal colonisation has revealed that control of 

pneumococcal carriage may be independent of antibody neutralisation [75]. Recent reports have shown that in 

mice TH17 CD4+ T lymphocytes produce the pro-inflammatory cytokine IL-17A to induce a 

monocyte/macrophage and neutrophil cellular-mediated reduction in pneumococcal colonisation [75, 81]. An 

increase of IL-17A has also been identified in human tonsillar tissue stimulated with pneumolysin-producing 

pneumococcal whole cell antigen. In vitro studies using human neutrophils demonstrate an 1L-17A dose-

dependent-neutrophil-mediated killing of S. pneumoniae [75]. Pneumococcal carriage in children has also been 

shown to induce CD4+ T lymphocyte-mediated protective immunity in peripheral blood and adenoidal 

mononuclear cells. Interestingly, a decrease in the CD4+ T lymphocyte response was evident in pneumococcal 

culture-positive children compared to children with an absence of pneumococcal nasopharyngeal culture [82]. 

Collectively, these results support the notion that pneumococcal colonisation is mediated via CD4+ T 

lymphocytes but that S. pneumoniae itself may influence the dynamics of this response. Although non-typeable 

H. influenzae has been demonstrated to activate T and B lymphocytes from tonsillar tissue and to induce a TH1 

lymphocyte response, inadequate T lymphocyte proliferation to the P6 antigen was evident in OM-prone 

children compared to non OM-prone children [83, 84]. A weak T lymphocyte repertoire in young children may 

explain the high pneumococcal and non-typeable H. influenzae carriage observed in this population, or the TH17 

lymphocyte response may be subdued due to Treg lymphocyte suppression. Further research in this area is 

needed to elucidate fully the mechanisms involved.  

 Whereas S. pneumoniae and non-typeable H. influenzae appear to induce T lymphocyte responses, M. 

catarrhalis may be able to induce lymphocyte responses that are thymus-independent. M. catarrhalis 

immunoglobulin (Ig) D-binding (MID) protein has been demonstrated to induce B lymphocyte proliferation and 

activation with TH2 cytokine co-stimulation, in the absence of T lymphocytes. Supplementing the cultures with 

recombinant CD40 ligand enhanced both the B lymphocyte proliferative response and antibody production, 

indicating that T lymphocytes may enhance a M. catarrhalis MID protein-induced B lymphocyte response. Of 

note, further activation of T lymphocytes by M. catarrhalis MID protein was poor, supporting the view of a B 

lymphocyte cellular response to M. catarrhalis [85].  

Antibody Responses to Nasopharyngeal Colonisation 

 Adenoidal tissue from children with OM has been demonstrated to generate S. pneumonia and H. 

influenzae type b-specific IgG and IgA antibody, with production of IgG dominating over that of IgA. These 
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antibody responses to the two nasopharyngeal colonisers are also more prominent in the adenoidal secretions 

compared to the peripheral blood, indicating that the pathogen-specific humoral response is compartmentalised 

in the mucosa [86]. Interestingly, reduced immunity is often evident following respiratory bacterial colonisation, 

especially in individuals prone to respiratory infection. Poor inflammatory responses have been associated with 

M. catarrhalis colonisation of the luminal regions of the lower respiratory tract [87]. A lack of secretory 

antibody to M. catarrhalis and S. pneumoniae outer membrane proteins has been reported in children aged from 

birth to 2 years who show active nasopharyngeal colonisation of both bacteria. In adults, however, secretion of 

salivary IgA to multiple outer membrane proteins of M. catarrhalis has been demonstrated, indicating that 

repeated or prolonged exposure enhances the mucosal antibody response [88, 89]. Furthermore, there is a 

significant reduction in antibody responses to the non-typeable H. influenzae P6 antigen in OM-prone children 

compared to non OM-prone children [90]. Although an underdeveloped immune system in early childhood may 

contribute to impaired immunity, it does not explain sufficiently why OM-prone children do not mount an 

adequate Ig response against the nasopharyngeal flora, as demonstrated in non OM-prone children of the same 

age. Collectively, this may indicate immunosuppression during nasopharyngeal colonisation with the 

aforementioned bacteria and hence host tolerance of high carriage loads contributing to the development of OM 

or other URT infections. Unfortunately, very little is understood of the crosstalk between innate and adaptive 

immunity in the tolerance of nasopharyngeal flora or how the co-colonisation of many microbes in the 

nasopharynx may affect immune dynamics [35]. By investigating the role of Treg lymphocytes in URT 

colonisation and how these cells are induced at this site, a clearer understanding may emerge of host tolerance to 

nasopharyngeal colonisation and progression to chronic disease.  

Mucosal Immunity versus Systemic Immunity  

 Although both cellular and humoral immunity are important to the homeostasis of nasopharyngeal 

bacterial colonisation, there is evidence to suggest that immune responses at mucosal sites are 

compartmentalised from systemic responses such as those in the peripheral blood [91]. While nasopharyngeal 

colonisation of S. pneumoniae is controlled by a TH17 CD4+ T lymphocyte response, systemic infections such as 

bacteraemia are combated via an antibody-mediated opsonisation inducing phagocytosis that is independent of a 

CD4+ T lymphocyte response [91]. Interestingly, however, pre-nasopharyngeal colonisation of S. pneumoniae 

confers an enhanced antibody-mediated protection to systemic challenge that acts via natural immunity [91]. 

Recent studies on nasopharyngeal pneumococcal colonisation detected induction of several pneumococcal 

antigen-specific serum IgG responses in children 12-24 months of age. Unfortunately, this humoral immunity 
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failed to protect against pneumococcal nasopharyngeal recolonisation albeit due to the polymorphic and 

capsular shielding nature of S. pneumoniae or the shortfall of systemic immunity to confer mucosal protection. 

Hence, it seems that T lymphocytes of the mucosa are more promising in control of pneumococcal colonisation 

in the nasopharynx [92].  

 The OM pathogens S. pneumoniae, M. catarrhalis and non-typeable H. influenzae have been shown to 

induce cellular responses including the activation of B and T lymphocytes from peripheral blood. Induction of 

cytokines with a TH1 lymphocyte signature was also evident, although T lymphocytes were found not to be the 

cellular source [93]. It is known that these OM pathogens can activate NK cells and that the cytokine profile 

observed may originate from NK cells in an early innate response that aids the activation of T lymphocytes for a 

downstream TH1 lymphocyte cascade [93-95]. Of the little that is known of cellular immunity to OM pathogens, 

most relates to systemic responses which at best play a very limited role in regulation of bacterial colonisation at 

the nasopharyngeal mucosal site. It is important to note that microbial challenge at one mucosal site can often 

confer a certain protection from microbial challenge or hypersensitivity at another mucosal site within the body. 

This is evident in patients suffering from chronic Helicobacter pylori infection of the gastrointestinal mucosa, 

who demonstrate protection from hypersensitivity disorders such as asthma in the lower respiratory mucosa 

[96]. In a rodent model of experimentally-induced allergic airway disease, this phenomenon has been recently 

attributed to H. pylori-induced Treg lymphocytes migrating to the lungs and conferring protection to 

hypersensitivity via the immunosuppressive effects of intrinsic IL-10 production, as evidenced by reduced TH2 

and TH17 cellular responses (Fig. 3) [97, 98]. 

 γδ T lymphocytes are a small subset of T lymphocytes that represent approximately 2% of the total T 

lymphocyte population. These cells differ from conventional T lymphocytes in the structure of their T cell 

receptor (TCR), switching the conventional α and β chains with one γ and one δ chain. γδ T lymphocytes are not 

restricted to major histocompatibility complex (MHC) class I or II recognition as they can identify whole 

proteins without the requirement for these to be processed and presented via antigen-presenting cells (APC). γδ 

T lymphocytes are found abundantly in the intestinal, nasal and bronchial mucosa where they work in close 

association with local intraepithelial lymphocytes in the epithelial mucosal layer and are therefore important 

contributors to mucosal immunity [42, 99]. A role has been reported for γδ T lymphocytes in regulation of 

pulmonary inflammation in a S. pneumoniae infection model [100]. At 7-10 days post S. pneumoniae intranasal 

challenge, clearance of bacteria was evident but lungs remained inflamed. By this time, γδ T lymphocyte 

populations had infiltrated the lungs significantly, with more than a 30-fold increase compared to naïve mice, 
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observed as a localised mucosal response [100]. Numbers of CD4+ and CD8+ T lymphocytes, B lymphocytes 

and NK lymphocytes were up to double those found in controls, suggesting that due to their dominant presence 

γδ T lymphocytes have an important role in reducing S. pneumoniae-associated pulmonary inflammation [100]. 

γδ T lymphocyte-deficient mice were equally efficient at clearing S. pneumoniae from the lungs compared to 

wild type mice. It was determined that γδ T lymphocytes reduce lung inflammation and granuloma formation by 

inhibiting the alveolar macrophage and pulmonary DC response through direct cytotoxicity [100]. Although this 

indicates that γδ T lymphocytes are not associated with immunity to S. pneumoniae, it does point to their 

importance for controlling the inflammatory pathology associated with S. pneumoniae infections and that this 

response is limited to the pulmonary mucosa. This highlights how γδ T lymphocytes are instrumental to a 

controlled local response that avoids compromising immune function at a systemic level. 

Antigen Influences T Helper Lymphocyte Maturation 

 TH lymphocytes are evidently important in nasopharyngeal colonisation. The binding of microbial antigen 

to a TLR initiates a complex cellular signal and a pro-inflammatory response is generated that will influence a 

TH lymphocyte response [101]. The effector state that is adopted is influenced largely by the type of infection, 

PRR and APC [102, 103]. Nasopharyngeal tissue from children has been shown to express TH1, TH2, TH17 and 

Treg lymphocyte responses to allergen and antigen stimulation [75, 101, 104]. Additionally, the level of exposure 

of antigen is a strong influencing factor in what effector phenotype a TH lymphocyte will adopt. Studies with 

bee venom have demonstrated that TH lymphocytes with a TH1 or TH2 phenotype expressing IFN-γ or IL-4, 

respectively, switched to expression of the immunosuppressive cytokine IL-10 upon high dose, continual 

exposure to the bee venom allergen phospholipase A [105]. Evidently, the microbial or allergen environment 

that activates a DC and in turn primes a TH lymphocyte will have a great impact on the outcome of the TH 

lymphocyte phenotype and therefore of the effector response. It is known that microbial colonisation of the 

nasopharynx is high, but it remains to be determined if these elevated carriage loads influence the TH 

lymphocyte phenotype and the nature of the effector response [104].  

Linking Innate Immunity to T Helper Lymphocyte Responses in the Mucosa 

 In understanding immune regulation of nasopharyngeal colonisation, it is important to appreciate how the 

TH lymphocyte response is influenced at a mucosal site abundant in microbial flora. An important component of 

the mucosa that detects microbes and signals to TH lymphocytes are TLR of the innate immune system. The role 

of TLR in TH lymphocyte activation has been elucidated in detail [76]. Experiments using MyD88-deficient 
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knockout mice immunised with ovalbumin and complete Freund’s adjuvant revealed that stimulated T 

lymphocytes failed to proliferate or to produce detectable levels of IFN-γ, a dominant cytokine of the TH1 

response. Furthermore, DC from these animals, when treated with mycobacteria, failed to exhibit up-regulated 

expression of any of the co-stimulators CD80, CD86, MHC class II and IL-12, all of which are important to 

formation of a TH1 response. Taken together, these results demonstrate that the TLR signalling pathways in DC 

are influential in activating TH lymphocytes and developing a TH1 effector response [106]. It has also been 

shown that IL-6 from TLR-activated DC renders antigen-specific T lymphocytes to overcome the suppressive 

activity of Treg lymphocytes, thereby skewing the immune response away from a TH3 phenotype [107].  

 The concept of microbe and PRR-driven activation of DC and TH lymphocyte function in the mucosa are 

supported by studies with probiotics and H. pylori used to activate DC via the DC-specific intracellular adhesion 

molecule 3 (DC-SIGN). Such stimulation was shown to facilitate Treg lymphocyte priming, a weakened TH1 

response marked by a decrease in IL-6 and an increased suppressive response via IL-10 (Fig. 4) [108, 109]. In 

human gastric biopsy samples this phenomenon of H. pylori-induced Treg lymphocyte tolerogenic 

responsiveness by way of DC is corroborated by the demonstration that H. pylori binding to DC-SIGN causes a 

dampened TH1 cytokine profile, characterised by reduced IFN-γ and IL-6 and an increased IL-10 

immunosuppressive response. It is reasonable to speculate that the production of IL-10 may originate from a Treg 

lymphocyte profile, although confirmation of this requires further research [110]. The mechanism of H. pylori-

induced survival via DC to direct the TH lymphocyte response to an immunosuppressive Treg phenotype is 

clarified further by recent rodent model studies and supportive findings from human gastric biopsy samples 

[98]. Bone marrow-derived DC (BM-DC) and mesenteric lymph node (MLN)-DC co-cultured with H. pylori 

and Escherichia coli lipopolysaccharide (LPS) resulted in DC expressing high MHC class II and lower levels of 

CD80, CD86 and CD40 (MHC IIHICD80LOCD86LOCD40LO) compared to DC exposed to E. coli LPS alone, 

indicating H. pylori impaired DC maturation. Furthermore, IL-12 and IL-6 were decreased and IL-10 inversely 

elevated in the H. pylori-infected, E. coli LPS-stimulated cells compared to E. coli LPS stimulation only [98]. 

Interestingly, unlike reports that demonstrate DC-SIGN to be the ligand for H. pylori to DC, this study suggests 

that H. pylori-impaired DC maturation is independent of DC-SIGN. This conclusion should be treated with 

some circumspection since it is drawn from experiments conducted in mice transgenically expressing human 

DC-SIGN, in which H. pylori induced immature DC similar to those evident in wild type mice, with no 

alternative receptors explored. Firstly, it is feasible that human DC-SIGN does not signal or function in mice as 

it does in humans and, secondly, if DC in mice express SIGNR3, the functional homologue of human DC-
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SIGN, it may be speculated that H. pylori preferentially binds SIGNR3 in mice as it does DC-SIGN in humans 

[109, 111]. Therefore, the above study conducted in SIGNR3-/- mice, and compared to SIGNR3-/- mice with 

transgenic expression of human DC-SIGN, will explore more accurately the possibility of H. pylori-impaired 

DC maturation independent of C-type lectin binding receptors. This research also demonstrated that H. pylori-

experienced, semi-mature BM-DC and MLN-DC are adept at converting naive CD4+ TH lymphocytes to Fork-

head box P3 (FoxP3)+CD25+ Treg lymphocytes. Further, these tolerogenic DC are less able than non-H. pylori-

experienced DC at activating an effector T lymphocyte response, indicated by reduced IFN-γ and T lymphocyte 

proliferative measures [98]. The ability of immature DC to generate FoxP3+CD25+ Treg lymphocytes was found 

to be dependent on contact and transforming growth factor (TGF)-β, with DC-derived and T lymphocyte-

derived IL-18 necessary to skew this response away from a TH17, TH1 profile to that of a Treg lymphocyte. This 

was demonstrable in wild type mice developing H. pylori tolerance while Il18r-/- mice had lower H. pylori 

colonisation levels together with higher gastric leukocytes, INF-γ and IL-17 production [98]. Together, these 

studies demonstrate how microbes and PRR are essential to directing adaptive cellular responses, often resulting 

in microbial tolerance at mucosal sites and prevention of inflammatory pathology. 

 The oropharynx and nasopharynx are other mucosal sites where TH lymphocytes are induced via TLR-

activated APC to induce host tolerance to commensal microbiota. Isolated oral Langerhans cells (LC) from 

human oral mucosa specimens are adept at inducing Treg lymphocytes in the oral mucosa with 

immunosuppressive functionality. The process requires oral LC to mature via TLR4 activation, whereby up-

regulation of co-stimulatory factors including CD80 and IL-10 occurs [112]. Co-culture of these active oral LC 

induces a Treg lymphocyte phenotype producing IL-10 and TGF-β. Commensal oral bacteria are also reported to 

activate DC that in turn induce an immunosuppressive Treg lymphocyte phenotype [112, 113]. The mechanism of 

Treg lymphocyte activation in the human tonsil by DC has been recently elucidated (Fig. 4). 

Immunohistochemical analysis of tonsil sections clearly shows the co-localisation of FoxP3+ lymphocytes with 

CD123+ plasmacytoid DC (pDC). Stimulation of pDC with TLR7 and TLR9 ligands up-regulates pDC 

expression of MHC II, CD80 and CD83 co-receptors [114]. Co-culture of these mature pDC with naive CD4+ T 

lymphocytes, with or without TLR secondary stimulation resulted in CD4+ CD25+ FoxP3+ CD127- Treg 

lymphocytes that secrete predominantly secrete IL-10 and suppress proliferation of autologous T cells [114]. It 

is evident from these studies that TLR on APC such as DC are crucial to the crosstalk between innate and 

adaptive immunity that may influence the cellular response to microbes in the mucosa. These findings, taken 

together, provide strong evidence that Treg lymphocytes may be activated at mucosal sites via DC sampling of 
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the surrounding microenvironment. A comprehension of the induction of Treg lymphocytes in the nasopharynx is 

crucially important for understanding the activation pathways and function(s) of Treg lymphocytes in host 

tolerance to the milieu of microbial flora that colonises this site. Further investigation of Treg lymphocyte 

induction mechanisms in different pathological states and in response to common commensals of the URT could 

provide novel approaches to coaching the immune system, through therapeutic interventions, towards faster 

recovery from infection and prevention of chronic illness.  

T REGULATORY LYMPHOCYTES IN THE MUCOSA 

 Treg lymphocytes are a subtype of CD4+ T lymphocytes, the main function of which is the induction of 

peripheral immune tolerance to both foreign antigen and self antigen. A dysfunction or imbalance in Treg 

lymphocyte numbers has been shown to contribute to the development of conditions such as allergy, cancer, 

autoimmune disorders and allograft rejection [115-118]. Chronic infections and inflammation-derived tissue 

damage may also arise from abnormal Treg lymphocyte function [119, 120]. The cellular characteristics of Treg 

lymphocytes are similar to those of a TH lymphocyte, but they may be distinguished by their high level 

expression of FoxP3, a transcription factor belonging to the Fork-head – winged helix family. FoxP3 is 

necessary to maintaining the suppressive function of Treg lymphocytes, its deletion resulting in the loss of 

suppressive capacity [121]. Treg lymphocytes also express mid to high levels of the surface receptor CD25 (the 

IL-2 receptor α-chain), CD152, TNF receptor 2, membrane-bound TGF-β and particularly in humans, low level 

expression of CD127 (the IL-7 receptor α-chain). This low level CD127 expression is used, together with the 

other receptors mentioned, to distinguish Treg lymphocytes from effector T lymphocytes. This is because FoxP3 

expression cannot be used as a unique identifier of Treg lymphocytes since effector T lymphocytes share FoxP3 

expression [122, 123]. Treg lymphocytes have been identified in the nasopharynx and are known to have a 

positive association with nasopharyngeal colonisation by S. pneumoniae. However, currently it is not known if 

host tolerance to M. catarrhalis and non-typeable H. influenzae colonisation is associated with a Treg lymphocyte 

immunosuppressive response [104, 114]. Furthermore the influence of polymicrobial colonisation of the 

nasopharynx on Treg lymphocyte phenotype and effector response is yet to be elucidated.  

Treg Lymphocyte Subtypes 

 Two functional types of Treg lymphocytes exist; naturally occurring, thymus-derived Treg lymphocytes 

(nTreg) and naive, CD4+ CD25+ inducible Treg lymphocytes (iTreg) [103]. iTreg lymphocytes are generated from 

mature CD4+ T lymphocytes, both conventional CD4+ T and nTreg lymphocytes, in the periphery at certain times 
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of antigenic and cytokine stimulation. Both the cytokines TGF-β and IL-2 and retinoic acid (RA) are necessary 

for the transition of CD4+ T lymphocytes to iTreg lymphocytes. Type 1 iTreg lymphocytes (Tr1) are known to 

secrete predominantly IL-10 during active immunosuppression, while Type 3 iTreg lymphocytes (TH3) exert 

immunosuppression via a biased secretion of TGF-β [124, 125]. All iTreg lymphocytes may secrete these 

cytokines but the profile depends on the prevailing physiological setting [103, 124, 125]. The thymus-derived 

nTreg lymphocytes possess a large TCR repertoire to self and non-self antigens in which their main role is to 

induce suppression of T lymphocytes and APC during autoimmune responses in a cell to cell contact-dependent 

fashion via CD152 and membrane-bound TGF-β [118]. They therefore have a strong influence in maintaining 

homeostasis. iTreg lymphocytes on the other hand, have a more non-self-specific TCR repertoire which, when 

activated, exerts a suppressive effect on T lymphocytes and APC via soluble factors including IL-10 and TGF-β, 

rather than through a direct cell to cell contact mechanism [126]. As iTreg lymphocytes are actively induced in 

the periphery via non-self antigen presentation and cytokine signals to suppress pro-inflammatory cellular 

responses, it is thought that they are involved in the tolerance to microbes at mucosal sites. Evidence of this has 

been discussed with regard to the gastrointestinal, oropharynx and nasopharynx mucosa where ligation of 

microbial receptors on DC induces a skewed Treg immunosuppressive effector response, although precise 

mechanisms of this process in relation to nasopharyngeal colonisation require clarification (Fig. 4) [104, 109, 

110, 112-114].     

The Role of IL-10 and TGF-β in Treg Lymphocyte Immunosuppression 

 The cytokines that Treg lymphocytes generate to down-regulate pro-inflammatory responses by TH and 

cytotoxic T lymphocytes, NK cells and APC exert immunosuppressive properties through a variety of 

mechanisms. IL-10 inhibits antigen presentation by blocking the co-receptors CD28 and CD80, thereby 

interrupting T lymphocyte stimulation, proliferation and cytokine production [127]. TGF-β and IL-10 are 

powerful immunosuppressors that can disrupt antigen presentation via changes in MHC Class I and II, CD40, 

CD80/CD86 and IL-12 co-stimulatory molecule expression on APC. These cytokines may inhibit the 

inflammatory process by disrupting effector macrophages and monocyte responses as well as affecting TH1 and 

TH2 responses by inhibiting potent pro-inflammatory cytokines and chemokines. IL-10 and TGF-β may also 

impair T lymphocyte activation via altering the CD28 signalling cascade [128, 129]. Overall, the pleiotropic 

immunosuppressive effects these cytokines exert under certain conditions of physiological stress inhibits antigen 

presentation and consequently T lymphocyte proliferation, activation and cytokine secretion. The actions of IL-
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10 and TGF-β driven by Treg lymphocyte stimulation has been shown to be influenced by the physiological state 

(type of infection, allergy or autoimmune response), type of antigen and antigen exposure [105, 108, 128].  

Maintenance of Treg Lymphocyte Phenotype and Plasticity Characteristics  

 High expression of FoxP3, TGF-β and IL-2 each plays a role in maintaining iTreg phenotype, inhibiting its 

conversion to a TH17 lymphocyte phenotype under IL-6 stimulation [125]. Interestingly, the combination of 

these cytokines also has an impact on IL-6 signalling on nTreg lymphocytes and can interrupt their switch to 

TH17 lymphocytes [125, 130]. In light of this, Treg lymphocytes may switch their function from an 

immunosuppressive role to an aggressive pro-inflammatory one depending on the cytokine environment and 

transcription factor activation. Under the influence of low levels of TGF-β and high levels of IL-6, IL-21 and 

IL-23, driven by the transcription factor retinoic acid-related orphan receptor γt, nTreg but not iTreg lymphocytes 

may switch to an IL-17-producing TH17 pro-inflammatory response (Fig. 4). The ability of these cells to switch 

their role from passive, anti-inflammatory mediators  to aggressive, pro-inflammatory inducers, under the 

influence of a fine balance of regulating factors, makes them key players in maintaining optimal health at 

mucosal sites where constant microbial stimulation is endured [130].  

Treg Lymphocytes and Microbial Interactions 

 Several studies performed in gastrointestinal tissue have outlined the relationship among colonising 

bacteria and Treg lymphocytes. Positive correlations are evident with H. pylori colonisation, infection and related 

inflammation [10, 78]. In the state of inflammation it may be reasoned that Treg lymphocytes are present to 

control the inflammatory response, yet asymptomatic H. pylori colonisation associates positively with the 

presence of Treg lymphocytes [10, 78]. It is thought that this positive correlation is driven by the ability of H. 

pylori to induce naive CD4+ T lymphocytes via DC, TGF-β and IL-10 to mature into CD4+ CD25+ FoxP3+, IL-

10-producing iTregs and away from a TH17 phenotype. This results in prevention of a targeted TH17 response to 

H. pylori colonisation via a skewed iTreg phenotype (Fig. 4) [110]. Intestinal colonisation in mice with altered 

Schaedler flora has also contributed to knowledge of the role of Treg lymphocytes in host-microbe homeostasis. 

These mice show increased iTreg lymphocytes with established colonisation and consequently TH17 and TH1 

responses are down-regulated, thereby preventing inflammation and promoting bacterial colonisation in the 

intestine [77]. Interestingly, the influence of probiotics on improved gastrointestinal health, in particular the 

anti-inflammatory benefits, may be though induction of IL-10-producing Treg lymphocytes via stimulation of DC 
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and naive CD4+ T lymphocytes by probiotics such as Lactobacillus casai, L. reuteri and Bifidobacterium 

infantis [108, 131]. 

 Treg lymphocytes have been isolated from the oral cavity of patients with periodontitis and gingivitis 

lesions, although their association with bacterial colonisation in this site is still poorly understood. Recent 

evidence indicates Treg lymphocytes with tolerogenic functions are induced in the oral mucosa via oral LC or DC 

activated with TLR4 or Streptococcus mitis, Propionibacterium acnes and Bacteroides fragilis, respectively 

[112, 113, 132]. Although this suggests a link between oral commensals and Treg lymphocytes, further research 

needs to be undertaken to confirm the Treg lymphocyte phenotype since FoxP3 data were lacking in these 

studies.  

 Mycobacterium tuberculosis has been demonstrated to induce Treg lymphocytes with suppressive capacity 

in vitro through monocyte activation and prostaglandin E2 production [133]. Of note, Treg lymphocytes were 

elevated in peripheral blood mononuclear cells (PBMC) of tuberculosis patients compared to PBMC from 

healthy tuberculin reactors, indicating a direct relationship between the suppressive T lymphocyte subset and 

susceptibility to primary tuberculosis [133]. The persistence of malaria and human papillomavirus (HPV) 

infections has also been linked to levels of with functional Treg lymphocytes. In patients with a clinical 

Plasmodium falciparum infection, blood parasitaemia increased simultaneously with TGF-β peaks in serum, 

CD4+ CD25hi+ T lymphocyte increases and raised expression of FoxP3 in PBMC. IL-6 and IFN-γ were 

measured at lower concentrations and a slower release indicating that a TH1 response was under the suppressive 

effects of a Treg lymphocyte response and consequently favouring a persistent P. falciparum infection. Persistent 

HPV16 infection was also shown to have a positive association with an increased percentage of circulating Treg 

lymphocytes [134, 135]. However, not all persistent infections are a result of Treg lymphocyte-mediated 

tolerance. P. aeruginosa induces Treg lymphocytes in the spleen and lungs of infected mice, but no relationship is 

evident between Treg lymphocytes and P. aeruginosa infection [136]. This may be due to the high levels of IL-6 

in this type of aggressive infection, thereby overcoming a Treg lymphocyte response. This highlights the different 

roles of Treg lymphocytes in colonisation and infection [136].  

 Several insightful studies have been published recently which focus on Treg lymphocyte responses to 

commensals of the nasopharynx. In human tonsils, Neisseria meningitidis-specific Treg lymphocytes have been 

identified that display regulatory activity towards suppression of the TH1 dominant response to N. meningitidis 

[137]. Even more surprising was that this activity was observed only in the tonsil mononuclear cells and not in 

PBMC, indicative of a compartmentalised mucosal response [137]. Similar findings have also been reported 
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with adenoid-derived Treg lymphocytes responsive to S. pneumoniae colonisation of the nasopharynx, but in this 

example a positive correlation was also evident between the suppressive activity and frequency of Treg 

lymphocytes and the increased carriage of S. pneumoniae [104]. Both of these studies on nasopharyngeal 

commensals highlight the ability of upper respiratory mucosal-derived Treg lymphocytes to induce host tolerance 

and hence to promote survival of commensals in the nasopharynx. Furthermore, Treg lymphocyte-mediated 

immune suppression to nasopharyngeal commensals is compartmentalised to the mucosa, leaving one to 

speculate that T lymphocyte responses to bacterial colonisers (and in events of physiological stress, potential 

pathogens) of the upper airways may be regulated at the site of induction as opposed to systemically controlled 

responses [104, 137].  

CONCLUSION 

While the first steps to dissecting tolerance to commensals in the upper respiratory tract have been taken, there 

are still many cellular mechanisms involved in this process that are yet to be characterised (Fig. 4). Investigation 

of the adenoid and peripheral blood Treg lymphocyte responses to nasopharyngeal colonisers, in conjunction with 

clinical nasopharyngeal culture outcomes, would be beneficial to understanding colonisation tolerance in the 

respiratory mucosa. This would increase our knowledge of host tolerance to nasopharyngeal colonisation in 

OM-prone children. From a clinical research perspective, this may reveal novel strategies for immune therapy to 

regulate nasopharyngeal colonisation, with the ultimate goal of preventing progression to chronic disease. 

  



22/33 
 

ACKNOWLEDGEMENTS 

The authors’ research is supported by the Australian National Health and Medical Research Council and the 

Australian Research Council. Jessica Browne is in receipt of an Australian postgraduate award and this research 

is supported by the Health Collaborative Research Network ‘Facilities and equipment access program’ from 

CQUniversity. 

 

CONFLICT OF INTEREST 

None declared. 

  



23/33 
 

REFERENCES 
 
[1] Bernstein JM. Waldeyer's ring and otitis media: the nasopharyngeal tonsil and otitis media. Int J 

Pediatr Otorhinolaryngol 1999; 49 (Suppl 1): 127-32. 
[2] Pahor AL. An early history of secretory otitis media. J Laryngol Otol 1978; 92: 543-60. 
[3] Bluestone CD, Klein JO, Eds. Otitis media in infants and children. 4th ed. Hamilton, Ontario: BC 

Decker Inc 2007. 
[4] Morris PS, Leach AJ, Siberberg P, et al. Otitis media in young Aboriginal children from remote 

communities in Northern and Central Australia: a cross-sectional survey. BMC Pediatr 2005; 5: 27. 
[5] Klein JO. The burden of otitis media. Vaccine 2000; 19 (Suppl 1): S2-8. 
[6] Hill S. Ear disease in indigenous Australians: a literature review. Aus Med Student J 2012; 3: 45-9. 
[7] Access Economics Report. The cost burden of otitis media in Australia. 2008 [cited 2013 May 9] 

Available from: http://www.healthinfonet.ecu.edu.au/key-resources/bibliography 
[8] Rynnel-Dagöö B, Ågren K. The nasopharynx and the middle ear. Inflammatory reactions in middle ear 

disease. Vaccine 2000; 19 (Suppl 1): S26-31. 
[9] Eun YG, Park DC, Kim SG, Kim MG, Yeo SG. Immunoglobulins and transcription factors in adenoids 

of children with otitis media with effusion and chronic rhinosinusitis. Int J Pediatr Otorhinolaryngol 
2009; 73: 1412-6. 

[10] Jang TJ. The number of Foxp3-positive regulatory T cells is increased in Helicobacter pylori gastritis 
and gastric cancer. Pathol Res Pract 2010; 206: 4-38. 

[11] Gates GA, Avery CA, Prihoda TJ. Effect of adenoidectomy upon children with chronic otitis media 
with effusion. Laryngoscope 1988; 98: 58-63. 

[12] Revai K, Mamidi D, Chonmaitree T. Association of nasopharyngeal bacterial colonization during 
upper respiratory tract infection and the development of acute otitis media. Clin Infect Dis 2008; 46: 
e34-7. 

[13] Vareille M, Kieninger E, Edwards MR, Regamey N. The airway epithelium: soldier in the fight against 
respiratory viruses. Clin Microbiol Rev 2011; 24: 210-29. 

[14] García-Rodríguez JÁ, Fresnadillo Martínez MJ. Dynamics of nasopharyngeal colonization by potential 
respiratory pathogens. J Antimicrob Chemother 2002; 50 (Suppl 3): 59-74. 

[15] Hong CK, Park DC, Kim SW, Cha CI, Cha SH, Yeo SG. Effect of paranasal sinusitis on the 
development of otitis media with effusion: influence of Eustachian tube function and adenoid 
immunity. Int J Pediatr Otorhinolaryngol 2008; 72: 1609-18. 

[16] Brandtzaeg P. Immunology of tonsils and adenoids: everything the ENT surgeon needs to know. Int J 
Pediatr Otorhinolaryngol 2003; 67 (Suppl 1): S69-76. 

[17] Kiroglu MM, Ozbilgin K, Aydogan B, et al. Adenoids and otitis media with effusion: a morphological 
study. Am J Otolaryngol 1998; 19: 244-50. 

[18] Ulualp SO, Sahin D, Yilmaz N, Anadol V, Peker O, Gursan O. Increased adenoid mast cells in patients 
with otitis media with effusion. Int J Pediatr Otorhinolaryngol 1999; 49: 107-14. 

[19] van Nieuwkerk EBJ, van der Baan S, Hoefsmit ECM, Kamperdijk EWA. Localization and morphology 
of antigen-presenting cells in the adenoid of children with otitis media with effusion. Clin Immunol 
Immunopathol 1995; 74: 59-69. 

[20] van Nieuwkerk EBJ, de Wolf CJ, Kamperdijk EWA, van der Baan S. Lymphoid and non-lymphoid 
cells in the adenoid of children with otitis media with effusion: a comparative study. Clin Exp Immunol 
1990; 79: 233-9. 

[21] Okabayashi T, Kojima T, Masaki T, et al. Type-III interferon, not type-I, is the predominant interferon 
induced by respiratory viruses in nasal epithelial cells. Virus Res 2011; 160: 360-6. 

[22] Harder J, Meyer-Hoffert U, Teran LM, et al. Mucoid Pseudomonas aeruginosa, TNF-α, and IL-1β, but 
not IL-6, induce human β-defensin-2 in respiratory epithelia. Am J Respir Cell Mol Biol 2000; 22: 
714-21. 

[23] Guaní-Guerra E, Negrete-García MC, Montes-Vizuet R, Asbun-Bojalil J, Terán LM. Human β-
defensin-2 induction in nasal mucosa after administration of bacterial lysates. Arch Med Res 2011; 42: 
189-94. 

[24] Claeys S., de Belder T, Holtappels G, et al. Human β-defensins and toll-like receptors in the upper 
airway. Allergy 2003; 58: 748-53. 

[25] Imai R, Hirao M, Tsubota H, Himi T. Expression profile of human defensins in tonsils. Int Congr Ser 
2003; 1257: 81-3. 

[26] Park K, Moon SK, Choung YH, Choi HS. Expression of β-defensins in human middle ear 
cholesteatoma. Acta Otolaryngol 2003; 123: 236-40. 



24/33 
 

[27] Song J-J, Chae SW, Woo JS, Lee HM, Jung HH, Hwang SJ. Differential expression of human β 
defensin 2 and human β defensin 3 in human middle ear cholesteatoma. Annal Otol Rhinol Laryngol 
2007; 116: 235-40. 

[28] Song, J-J, Hwang KS, Woo JS, et al. Expression of cathelicidin in recurrent throat infection. Int J 
Pediatr Otorhinolaryngol 2006; 70: 487-92. 

[29] Cole AM, Dewan P, Ganz T. Innate antimicrobial activity of nasal secretions. Infect Immun 1999; 67: 
3267-75. 

[30] Stenfors L-E, Bye H-M, Räisänen S. Immunocytochemical localization of lysozyme and lactoferrin 
attached to surface bacteria of the palatine tonsils during infectious mononucleosis. J Laryngol Otol 
2002; 116: 264-8. 

[31] Schwaab M, Euteneuer S, Lautermann J, Sudhoff H. Muramidase and lactoferrin in adenoidal 
hypertrophies, hypertrophic and chronic infected tonsil tissue - a quantitative analysis. 
Laryngorhinootologie 2005; 84: 660-4. 

[32] Granath A, Cardell LO, Uddman R, Harder H. Altered Toll- and Nod-like receptor expression in 
human middle ear mucosa from patients with chronic middle ear disease. J Infect 2011; 63: 174-6. 

[33] Kim MG, Park DC, Shim JS, et al. TLR-9, NOD-1, NOD-2, RIG-I and immunoglobulins in recurrent 
otitis media with effusion. Int J Pediatr Otorhinolaryngol 2010; 74: 1425-9. 

[34] Lesmeister MJ, Bothwell MR, Misfeldt ML. Toll-like receptor expression in the human nasopharyngeal 
tonsil (adenoid) and palantine tonsils: A preliminary report. Int J Pediatr Otorhinolaryngol 2006; 70: 
987-92. 

[35] Lange MJ, Lasiter JC, Misfeldt, ML. Toll-like receptors in tonsillar epithelial cells. Int J Pediatr 
Otorhinolaryngol 2009; 73: 613-21. 

[36] Tong HH, Long JP, Li D, DeMaria TF. Alteration of gene expression in human middle ear epithelial 
cells induced by influenza A virus and its implication for the pathogenesis of otitis media. Microb 
Pathog 2004; 37: 193-204. 

[37] Joyce E, Popper S, Falkow S. Streptococcus pneumoniae nasopharyngeal colonization induces type I 
interferons and interferon-induced gene expression. BMC Genomics 2009; 10: 404. 

[38] Leichtle A, Hernandez M, Pak K, Webster NJ, Wasserman SI, Ryan AF. The toll-like receptor adaptor 
TRIF contributes to otitis media pathogenesis and recovery. BMC Immunol 2009; 10: 45. 

[39] Song J-J, Cho JG, Woo JS, Lee HM, Hwang SJ, Chae SW. Differential expression of toll-like receptors 
2 and 4 in rat middle ear. Int J Pediatr Otorhinolaryngol 2009; 73: 821-4. 

[40] Lee SY, Ryu EW, Kim JB, Yeo SG. Clinical approaches for understanding the expression levels of 
pattern recognition receptors in otitis media with effusion. Clin Exp Otorhinolaryngol 2011; 4: 163-7. 

[41] Graeme-Cook F, Bhan AK, Harris, NL. Immunohistochemical characterization of intraepithelial and 
subepithelial mononuclear cells of the upper airways. Am J Pathol 1993; 143: 1416-22. 

[42] Horvath KM, Brighton LE, Herbst M, Noah TL, Jaspers I. Live attenuated influenza virus (LAIV) 
induces different mucosal T cell function in nonsmokers and smokers. Clin Immunol 2012; 142: 232-6. 

[43] Bernstein JM, Szymanski C, Albini B, Sun M, Ogra PL. Lymphocyte subpopulations in otitis media 
with effusion. Pediatr Res 1978; 12: 786-8. 

[44] Palva T, Taskinen E. Inflammatory cells in chronic middle ear disease: value of lymphocyte subset 
determination in ear surgery. Acta Otolaryngol 1990; 109: 124-9. 

[45] Ryan AF, Sharp PA, Harris JP. Lymphocyte circulation to the middle ear. Acta Otolaryngol 1990; 109: 
278-87. 

[46] Morris PS, Leach AJ, Halpin S, et al. An overview of acute otitis media in Australian Aboriginal 
children living in remote communities. Vaccine 2007; 25: 2389-93. 

[47] Bluestone CD, Gates GA, Klein JO, et al. Definitions, terminology, and classification of otitis media. 
Ann Otol Rhinol Laryngol 2002; 111 (Suppl): 8-18. 

[48] Rovers MM, Schilder AG, Zielhuis GA, Rosenfeld RM. Otitis media. Lancet 2004; 363: 465-73. 
[49] Heikkinen T, Thint M, Chonmaitree T. Prevalence of various respiratory viruses in the middle ear 

during acute otitis media. N Engl J Med 1999; 340: 260-4. 
[50] Moore HC, Jacoby P, Taylor A, et al. The interaction between respiratory viruses and pathogenic 

bacteria in the upper respiratory tract of asymptomatic Aboriginal and non-Aboriginal children. Pediatr 
Infect Dis J 2010; 29: 540-5. 

[51] Ishizuka S, Yamaya M, Suzuki T, et al. Effects of rhinovirus infection on the adherence of 
Streptococcus pneumoniae to cultured human airway epithelial cells. J Infect Dis 2003; 188: 1928-39. 

[52] Jacoby P, Watson K, Bowman J, et al. Modelling the co-occurrence of Streptococcus pneumoniae with 
other bacterial and viral pathogens in the upper respiratory tract. Vaccine 2007; 25: 2458-64. 

[53] Harimaya A, Takada R, Somekawa Y, Fujii N, Himi T. High frequency of Alloiococcus otitidis in the 
nasopharynx and in the middle ear cavity of otitis-prone children. Int J Pediatr Otorhinolaryngol 2006; 
70: 1009-14. 



25/33 
 

[54] Bluestone CD, Stephenson JS, Martin LM. Ten-year review of otitis media pathogens. Pediatr Infect 
Dis J 1992; 11 (Suppl):  S7-11. 

[55] Commisso R, Romero-Orellano F, Montanaro PB, Romero-Moroni F, Romero-Diaz R. Acute otitis 
media: bacteriology and bacterial resistance in 205 pediatric patients. Int J Pediatr Otorhinolaryngol 
2000; 56: 23-31. 

[56] Hammerschmidt S, Wolff S, Hocke A, Rosseau S, Müller E, Rohde M. Illustration of pneumococcal 
polysaccharide capsule during adherence and invasion of epithelial cells. Infect Immun 2005; 73: 4653-
67. 

[57] St. Geme III JW. The pathogenesis of nontypable Haemophilus influenzae otitis media. Vaccine 2000; 
19 (Suppl 1): S41-50. 

[58] Murphy TF, Brauer AL, Grant BJ, Sethi S. Moraxella catarrhalis in chronic obstructive pulmonary 
disease: burden of disease and immune response. Am J Respir Crit Care Med 2005; 172: 195-9. 

[59] Luke NR, Jurcisek JA, Bakaletz LO, Campagnari AA. Contribution of Moraxella catarrhalis type IV 
pili to nasopharyngeal colonization and biofilm formation. Infect Immun 2007; 75: 5559-64. 

[60] Ejlertsen T, Thisted E, Ebbesen F, Olesen B, Renneberg J. Branhamella catarrhalis in children and 
adults. A study of prevalence, time of colonisation, and association with upper and lower respiratory 
tract infections. J Infect 1994; 29: 23-31. 

[61] Watson K, Carville K, Bowman J, et al. Upper respiratory tract bacterial carriage in Aboriginal and 
non-Aboriginal children in a semi-arid area of Western Australia. Pediatr Infect Dis J 2006; 25: 782-90. 

[62] Hotomi M, Kono M, Togawa A, et al. Haemophilus influenzae and Haemophilus haemolyticus in 
tonsillar cultures of adults with acute pharyngotonsillitis. Auris Nasus Larynx 2010; 37: 594-600. 

[63] Bogaert D, van Belkum A, Sluijter M, et al. Colonisation by Streptococcus pneumoniae and 
Staphylococcus aureus in healthy children. Lancet 2004; 363: 1871-2. 

[64] Wood GM, Johnson BC, McCormack JG. Moraxella catarrhalis: pathogenic significance in respiratory 
tract infections treated by community practitioners. Clin Infect Dis 1996; 22: 632-6. 

[65] Bogaert D, Weinberger D, Thompson C, Lipsitch M, Malley R. Impaired innate and adaptive immunity 
to Streptococcus pneumoniae and its effect on colonization in an infant mouse model. Infect Immun 
2009; 77: 1613-22. 

[66] Lysenko ES, Ratner AJ, Nelson AL, Weiser JN. The role of innate immune responses in the outcome 
of interspecies competition for colonization of mucosal surfaces. PLoS Pathog 2005; 1:  e1. 

[67] Ratner AJ, Lysenko ES, Paul MN, Weiser JN. Synergistic proinflammatory responses induced by 
polymicrobial colonization of epithelial surfaces. Proc Natl Acad Sci USA 2005; 102: 3429-34. 

[68] Zola TA, Lysenko ES, Weiser JN. Mucosal clearance of capsule-expressing bacteria requires both TLR 
and nucleotide-binding oligomerization domain 1 signaling. J Immunol 2008; 181: 7909-16. 

[69] Wang H, Tan X, Chang H, Gonzalez-Crussi F, Remick DG, Hsueh W. Regulation of platelet-activating 
factor receptor gene expression in vivo by endotoxin, platelet-activating factor and endogenous tumour 
necrosis factor. Biochem J 1997; 322: 603-8. 

[70] Cundell DR, Gerard NP, Gerard C, Idanpaan-Heikkila I, Tuomanen EI. Streptococcus pneumoniae 
anchor to activated human cells by the receptor for platelet-activating factor. Nature 1995; 377: 435-8. 

[71] Moreland JG, Bailey G. Neutrophil transendothelial migration in vitro to Streptococcus pneumoniae is 
pneumolysin dependent. Am J Physiol Lung Cell Mol Physiol 2006; 290: L833-40. 

[72] Albiger B, Sandgren A, Katsuragi H, et al. Myeloid differentiation factor 88-dependent signalling 
controls bacterial growth during colonization and systemic pneumococcal disease in mice. Cell 
Microbiol 2005; 7: 1603-15. 

[73] Harimaya A, Fujii N, Himi T. Preliminary study of proinflammatory cytokines and chemokines in the 
middle ear of acute otitis media due to Alloiococcus otitidis. Int J Pediatr Otorhinolaryngol 2009; 73:  
677-80. 

[74] Harimaya A, Tarkkanen J, Mattila P, Fujii N, Ylikoski J, Himi T. Difference in cytokine production 
and cell activation between adenoidal lymphocytes and peripheral blood lymphocytes of children with 
otitis media. Clin Diagn Lab Immunol 2005; 12: 1130-4. 

[75] Lu Y-J, Gross J, Bogaert D, et al. Interleukin-17A mediates acquired immunity to pneumococcal 
colonization. PLoS Pathog 2008; 4: e1000159. 

[76] Pasare C., Medzhitov R. Toll-like receptors: linking innate and adaptive immunity. Microbes Infect 
2004; 6: 1382-7. 

[77] Geuking MB, Cahenzli J, Lawson MA, et al. Intestinal bacterial colonization induces mutualistic 
regulatory T cell responses. Immunity 2011; 34: 794-806. 

[78] Rad R, Brenner L, Bauer S, et al. CD25+/Foxp3+ T cells regulate gastric inflammation and 
Helicobacter pylori colonization in vivo. Gastroenterology 2006; 131: 525-37. 

[79] Brodsky L, Moore L, Stanievich JF, Ogra PL. The immunology of tonsils in children: the effect of 
bacterial load on the presence of B- and T-cell subsets. Laryngoscope 1988;  98: 93-8. 



26/33 
 

[80] Musiatowicz M, Wysocka J, Kasprzycka E, Hassmann E. Lymphocyte subpopulations in hypertrophied 
adenoid in children. Int J Pediatr Otorhinolaryngol 2001; 59: 7-13. 

[81] Zhang Z, Clarke TB, Weiser JN. Cellular effectors mediating Th17-dependent clearance of 
pneumococcal colonization in mice. J Clin Invest 2009; 119: 1899-909. 

[82] Zhang Q, Bagrade L, Bernatoniene J, et al. Low CD4 T cell immunity to pneumolysin is associated 
with nasopharyngeal carriage of pneumococci in children. J Infect Dis 2007; 195: 1194-202. 

[83] Kodama H, Faden H, Harabuchi Y, Kataura A, Bernstein JM, Brodsky L. Cellular immune response of 
adenoidal and tonsillar lymphocytes to the P6 outer membrane protein of non-typeable Haemophilus 
influenzae and its relation to otitis media. Acta Otolaryngol 1999; 119: 377-83. 

[84] Agren K, Brauner A, Andersson J. Haemophilus influenzae and Streptococcus pyogenes group A 
challenge induce a Th1 type of cytokine response in cells obtained from tonsillar hypertrophy and 
recurrent tonsillitis. ORL J Otorhinolaryngol Relat Spec 1998; 60: 35-41. 

[85] Wingren GA, Hadzic R, Forsgren A, Riesbeck K. The novel IgD binding protein from Moraxella 
catarrhalis induces human B lymphocyte activation and Ig secretion in the presence of Th2 cytokines. 
J Immunol 2002; 168: 5582-8. 

[86] Ivarsson M, Lundberg C, Quiding-Järbrink M. Antibody production directed against pneumococci by 
immunocytes in the adenoid surface secretion. Int J Pediatr Otorhinolaryngol 2004; 68: 537-43. 

[87] Murphy TF. The role of bacteria in airway inflammation in exacerbations of chronic obstructive 
pulmonary disease. Curr Opin Infect Dis 2006; 19: 225-30. 

[88] Samukawa T, Yamanaka N, Hollingshead S, Klingman K, Faden H. Immune responses to specific 
antigens of Streptococcus pneumoniae and Moraxella catarrhalis in the respiratory tract. Infect Immun 
2000; 68: 1569-73. 

[89] Stutzmann Meier P, Heiniger N, Troller R, Aebi C. Salivary antibodies directed against outer 
membrane proteins of Moraxella catarrhalis in healthy adults. Infect Immun 2003; 71: 6793-8. 

[90] Yamanaka N, Faden H. Antibody response to outer membraneprotein of nontypeable Haemophilus 
influenzae in otitis-prone children. J Pediatr 1993; 122: 212-8. 

[91] Cohen JM, Khandavilli S, Camberlein E, Hyams C, Baxendale HE, Brown JS. Protective contributions 
against invasive Streptococcus pneumoniae pneumonia of antibody and Th17-cell responses to 
nasopharyngeal colonisation. PLoS One 2011; 6: e25558. 

[92] Prevaes SMPJ, van Wamel WJ, de Vogel CP, et al. Nasopharyngeal colonization elicits antibody 
responses to staphylococcal and pneumococcal proteins that are not associated with a reduced risk of 
subsequent carriage. Infect Immun 2012; 80: 2186-93. 

[93] Harimaya A, Himi T, Fujii N, et al. Induction of CD69 expression and Th1 cytokines release from 
human peripheral blood lymphocytes after in vitro stimulation with Alloiococcus otitidis and three 
middle ear pathogens. FEMS Immunol Med Microbiol 2005; 43: 385-92. 

[94] Tarkkanen J, Himi T, Harimaya A, Carlson P, Ylikoski J, Mattila PS. Stimulation of adenoidal 
lymphocytes by Alloiococcus otitidis. Annal Otol Rhinol Laryngol 2000; 109: 958-64. 

[95] Arva E, Andersson B. Kinetics of cytokine release and expression of lymphocyte cell-surface 
activation markers after in vitro stimulation of human peripheral blood mononuclear cells with 
Streptococcus pneumoniae. Scand J Immunol 1999; 49: 237-43. 

[96] Reibman J, Marmor M, Filner J, et al. Asthma is inversely associated with Helicobacter pylori status in 
an urban population. PLoS One 2008; 3: e4060. 

[97] Arnold IC, Dehzad N, Reuter S, et al. Helicobacter pylori infection prevents allergic asthma in mouse 
models through the induction of regulatory T cells. J Clin Invest 2011; 121: 3088-93. 

[98] Oertli M, Sundquist M, Hitzler I, et al. DC-derived IL-18 drives Treg differentiation, murine 
Helicobacter pylori–specific immune tolerance, and asthma protection. J Clin Invest 2012. 122: 1082-
96. 

[99] McVay LD, Li B, Biancaniello R, et al. Changes in human mucosal γδ T cell repertoire and function 
associated with the disease process in inflammatory bowel disease. Mol Med 1997; 3: 183-203. 

[100] Kirby AC, Newton DJ, Carding SR, Kaye PM. Pulmonary dendritic cells and alveolar macrophages are 
regulated by γδ T cells during the resolution of S. pneumoniae-induced inflammation. J Pathol 2007; 
212: 29-37. 

[101] Tulic MK, Fiset PO, Manoukian JJ, et al. Role of toll-like receptor 4 in protection by bacterial 
lipopolysaccharide in the nasal mucosa of atopic children but not adults. Lancet 2004. 363: 1689-97. 

[102] Gutcher I, Becher B. APC-derived cytokines and T cell polarization in autoimmune inflammation. J 
Clin Invest 2007; 117: 1119-27. 

[103] Chen Z, Lin F, Gao Y, et al. FOXP3 and RORγt: Transcriptional regulation of Treg and Th17. Int 
Immunopharmacol 2011; 11: 536-42. 



27/33 
 

[104] Zhang Q, Leong SC, McNamara PS, Mubarak A, Malley R, Finn A. Characterisation of regulatory T 
cells in nasal associated lymphoid tissue in children: relationships with pneumococcal colonization. 
PLoS Pathog 2011; 7: e1002175. 

[105] Meiler F, Zumkehr J, Klunker S, Rückert B, Akdis CA, Akdis M. In vivo switch to IL-10–secreting T 
regulatory cells in high dose allergen exposure. J Exp Med 2008; 205: 2887-98. 

[106] Schnare M, Barton GM, Holt AC, Takeda K, Akira S, Medzhitov R. Toll-like receptors control 
activation of adaptive immune responses. Nat Immunol 2001; 2: 947-50. 

[107] Pasare C, Medzhitov R. Toll pathway-dependent blockade of CD4+CD25+ T cell-mediated suppression 
by dendritic cells. Science 2003. 299: 1033-6. 

[108] Smits HH, Engering A, van der Kleij D, et al. Selective probiotic bacteria induce IL-10-producing 
regulatory T cells in vitro by modulating dendritic cell function through dendritic cell-specific 
intercellular adhesion molecule 3-grabbing nonintegrin. J Allergy Clin Immunol 2005; 115: 1260-7. 

[109] Bergman MP, Engering A, Smits HH, et al. Helicobacter pylori modulates the T helper cell 1/T helper 
cell 2 balance through phase-variable interaction between lipopolysaccharide and DC-SIGN. J Exp 
Med 2004; 200: 979-90. 

[110] Kao JY, Zhang M, Miller MJ, et al. Helicobacter pylori immune escape is mediated by dendritic cell–
induced Treg skewing and Th17 suppression in mice. Gastroenterology 2010; 138: 1046-54. 

[111] Nagaoka K, Takahara K, Minamino K, Takeda T, Yoshida Y, Inaba K. Expression of C-type lectin, 
SIGNR3, on subsets of dendritic cells, macrophages, and monocytes. J Leukoc Biol 2010; 88: 913-24. 

[112] Allam J-P, Peng WM, Appel T, et al. Toll-like receptor 4 ligation enforces tolerogenic properties of 
oral mucosal Langerhans cells. J Allergy Clin Immunol 2008; 121: 368-74. 

[113] Kopitar AN, Ihan Hren N, Ihan A. Commensal oral bacteria antigens prime human dendritic cells to 
induce Th1, Th2 or Treg differentiation. Oral Microbiol Immunol 2006; 21: 1-5. 

[114] Palomares O. Rückert B, Jartti T, et al. Induction and maintenance of allergen-specific FOXP3+ Treg 
cells in human tonsils as potential first-line organs of oral tolerance. J Allergy Clin Immunol 2012; 
129:510-20. 

[115] Savilahti EM, Karinen S, Salo HM, et al. Combined T regulatory cell and Th2 expression profile 
identifies children with cow's milk allergy. Clin Immunol 2010; 136: 16-20. 

[116] Perrone G, Ruffini PA, Catalano V, et al. Intratumoural FOXP3-positive regulatory T cells are 
associated with adverse prognosis in radically resected gastric cancer. Eur J Cancer 2008; 44: 1875-82. 

[117] Yu GP, Chiang D, Song SJ, et al. Regulatory T cell dysfunction in subjects with common variable 
immunodeficiency complicated by autoimmune disease. Clin Immunol 2009; 131: 240-53. 

[118] Oluwole SF, Oluwole OO, DePaz HA, Adeyeri AO, Witkowski P, Hardy MA. CD4+CD25+ regulatory 
T cells mediate acquired transplant tolerance. Transplant Immunol 2003; 11: 287-93. 

[119] Mottet C, Uhlig HH, Powrie F. Cure of colitis by CD4+CD25+ regulatory T cells. J Immunol 2003; 
170: 3939-43. 

[120] Venken K, Hellings N, Thewissen M, et al. Compromised CD4+ CD25high regulatory T-cell function in 
patients with relapsing-remitting multiple sclerosis is correlated with a reduced frequency of FOXP3-
positive cells and reduced FOXP3 expression at the single-cell level. Immunology 2008; 123: 79-89. 

[121] Fontenot JD, Gavin MA, Rudensky AY. Foxp3 programs the development and function of CD4+CD25+ 
regulatory T cells. Nat Immunol 2003; 4: 330-6. 

[122] Liu W, Putnam AL, Xu-Yu Z, et al. CD127 expression inversely correlates with FoxP3 and suppressive 
function of human CD4+ T reg cells. J Exp Med 2006; 203: 1701-11. 

[123] Tulic MK, Andrews D, Crook ML, et al. Changes in thymic regulatory T-cell maturation from birth to 
puberty: differences in atopic children. J Allergy Clin Immunol 2012; 129: 199-206. 

[124] Carrier Y, Yuan J, Kuchroo VK, Weiner HL. Th3 cells in peripheral tolerance. II. TGF-β-transgenic 
Th3 cells rescue IL-2-deficient mice from autoimmunity. J Immunol 2007; 178: 172-8. 

[125] Zheng SG, Wang J, Horwitz DA. Foxp3+ CD4+ CD25+ regulatory T cells induced by IL-2 and TGF-β 
are resistant to Th17 conversion by IL-6. J Immunol 2008; 180: 7112-6. 

[126] Bluestone JA, Abbas AK. Natural versus adaptive regulatory T cells. Nat Rev Immunol 2003; 3: 253-7. 
[127] Schandené L, Alonso-Vega C, Willems F, et al. B7/CD28-dependent IL-5 production by human resting 

T cells is inhibited by IL-10. J Immunol 1994; 152: 4368-74. 
[128] Jutel M, Akdis M, Budak F, et al. IL-10 and TGF-β cooperate in the regulatory T cell response to 

mucosal allergens in normal immunity and specific immunotherapy. Eur J Immunol 2003; 33: 1205-14. 
[129] Moore KW, de Waal Malefyt R, Coffman RL, O'Garra A. Interleukin-10 and the interleukin-10 

receptor. Annu Rev Immunol 2001; 19: 68-765. 
[130] Zhou L, Lopes JE, Chong MM, et al. TGF-β-induced Foxp3 inhibits TH17 cell differentiation by 

antagonizing RORγt function. Nature 2008;. 453: 236-40. 
[131] O'Mahony C, Scully P, O'Mahony D, et al. Commensal-induced regulatory T cells mediate protection 

against pathogen-stimulated NF-κB activation. PLoS Pathog 2008; 4: e1000112. 



28/33 
 

[132] Nakajima T, Ueki-Maruyama K, Oda T, et al. Regulatory T-cells infiltrate periodontal disease tissues. J 
Dent Res 2005; 84: 639-43. 

[133] Garg A, Barnes PF, Roy S, et al. Mannose-capped lipoarabinomannan- and prostaglandin E2-
dependent expansion of regulatory T cells in human Mycobacterium tuberculosis infection. Eur J 
Immunol 2008; 38: 459-69. 

[134] Walther M, Tongren JE, Andrews L, et al. Upregulation of TGF-β, FOXP3, and CD4+CD25+ 
regulatory T cells correlates with more rapid parasite growth in human malaria infection. Immunity 
2005; 23: 287-96. 

[135] Molling JW, de Gruijl TD, Glim J, et al. CD4+ CD25hi regulatory T-cell frequency correlates with 
persistence of human papillomavirus type 16 and T helper cell responses in patients with cervical 
intraepithelial neoplasia. Int J Cancer 2007; 121: 1749-55. 

[136] Carrigan SO, Yang YJ, Issekutz T, et al. Depletion of natural CD4+ CD25+ T regulatory cells with anti-
CD25 antibody does not change the course of Pseudomonas aeruginosa-induced acute lung infection in 
mice. Immunobiology 2009; 214: 211-22. 

[137] Davenport V, Groves E, Hobbs CG, Williams NA, Heyderman RS. Regulation of Th-1 T cell-
dominated immunity to Neisseria meningitidis within the human mucosa. Cell Microbiol 2007; 9: 
1050-61. 

[138] Blum KS, Pabst R. Keystones in lymph node development. J Anat. 2006; 209: 585-95. 

  



29/33 
 

FIGURE LEGENDS 

 

Fig. (1). The respiratory system showing the anatomy of the upper respiratory tract. 

 

Fig. (2). Schematic view of the substructure of adenoid lymphoid tissue. 

The cortex contains mostly B lymphocytes organised as primary or secondary follicles. Migration of 

these cells towards the follicles is mediated by follicular dendritic cells also located in the cortex. T 

lymphocytes migrate to the neighbouring region, the paracortex, where they interact with 

interdigitating dendritic cells. The central region, the medulla, consists mainly of B lymphocytes and 

plasma cells. Lymphocytes enter the lymph node via the afferent lymphatic vessel or through 

transmigration of high endothelial venules. Lymph and blood vasculatures are connected via a conduit 

system and both drain into the efferent lymph vessel via the medullary sinus. Redrawn from [138]. 

 

Fig. (3). The influence of Helicobacter pylori colonisation on dendritic cell maturation and TH lymphocyte 

response in the gastrointestinal mucosa. 

 

Fig. (4). T regulatory lymphocyte-induced host tolerance to commensal bacteria in the mucosa. 
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