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Abstract

                        Streptococcus pneumoniae is an opportunistic pathogen globally associated with significant morbidity and mortality. It is capable of causing a wide range of diseases including sinusitis, conjunctivitis, otitis media, pneumonia, bacteraemia, sepsis, and meningitis. While its capsular polysaccharide is indispensible for invasive disease, and opsonising antibodies against the capsule are the basis for the current vaccines, a long history of biomedical research indicates that other components of this Gram-positive bacterium are also critical for virulence. Herein we review the contribution of pneumococcal virulence determinants to survival and persistence in the context of distinct anatomical sites. We discuss how these determinants allow the pneumococcus to evade mucociliary clearance during colonisation, establish lower respiratory tract infection, resist complement deposition and opsonophagocytosis in the bloodstream, and invade secondary tissues such as the central nervous system leading to meningitis. We do so in a manner that highlights both the critical role of the capsular polysaccharide and the accompanying and necessary protein determinants. Understanding the complex interplay between host and pathogen is necessary to find new ways to prevent pneumococcal infection. This review is an attempt to do so with consideration for the latest research findings.
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Background

                        Streptococcus pneumoniae (pneumococcus) is a Gram-positive, lancet-shaped bacterium that has diplococci morphology, is typically encapsulated, and is non-motile. In most instances S. pneumoniae resides asymptomatically in the nasopharynx of healthy individuals [1]. Yet this opportunistic pathogen is associated with devastating morbidity and mortality in vulnerable populations such as young children, the elderly, and those who are immunocompromised [2, 3]. S. pneumoniae is capable of causing a myriad of diseases including sinusitis, conjunctivitis, otitis media, and pneumonia, also invasive diseases such as bacteraemia, sepsis, and meningitis [1, 2]. Worldwide, it is the leading cause of death in young children and of infectious death in the elderly [3, 4]. Although the incidence of disease that develops in carriers is generally low, the vast numbers of colonised individuals make S. pneumoniae a major burden with significant socio-economic costs. For all these reasons, efforts to create a viable vaccine against S. pneumoniae date back as far as 1911 [5].

                        S. pneumoniae virulence determinants can be divided into 3 categories: capsule, cytotoxic products, and surface proteins. The extracellular capsule is a structure of complex sugars that surround the bacteria and form a protective barrier. On the basis of the biochemical composition and the serology of the polysaccharide, pneumococci are classified into 97 distinct capsular serotypes [6]. The capsule allows the pneumococcus to evade mucociliary clearance, complement deposition, and opsonophagocytosis [7, 8]. A critical role for the capsule is highlighted by the fact that antibodies specific to a capsule type are highly protective against invasive pneumococcal disease by strains belonging to the same serotype [9, 10]. As such, development of antibodies against the capsule is the basis of the current vaccines that are composed of polysaccharides conjugated to protein, and the older vaccine formulations that were composed solely of purified capsular polysaccharides [11]. Importantly, extensive epidemiological evidence suggests that pneumococci belonging to different serotypes vary in their prevalence and propensity to cause invasive disease. Isolates belonging to serotypes 6A, 6B, 19F, and 23F were found to be more prevalent colonisers of children younger than 5 years of age, while isolates belonging to serotypes 3, 9, and 23F were more common in adolescents and adults before the introduction of the first conjugate vaccine [12, 13]. On the contrary, serotypes 1, 4, 5, and 7F (which are known to be more invasive) colonise the population to a lesser degree [14, 15]. The current conjugated vaccines are composed of the polysaccharides that are most commonly carried by strains that cause the bulk of disease in humans.
It is important to note that the introduction of the 7-valent pneumococcal conjugate vaccine (PCV7) covering serotypes 4, 6B, 9 V, 14 18C, 19F, and 23F in the year 2000 reduced the incidence of invasive pneumococcal disease (IPD) in children of countries that implemented the vaccine [10, 16–19]. Yet, PCV7 had only a modest effect in reducing the incidence of otitis media caused by the PCV7-covered pneumococcal serotypes [20]. Moreover, there has been a rise in the incidences of infections caused by non-PCV7-covered serotypes [21, 22], a phenomenon known as serotype replacement. To address this problem, a 13-valent pneumococcal conjugate vaccine (PCV13) covering 6 additional serotypes (1, 3, 5, 6A, 7F, and 19A) was introduced in 2010. Despite the elevated effectiveness of PCV13, reports of continued serotype replacement by non-PCV13 pneumococcal serotypes have been documented [23, 24]. Recently, a 15-valent pneumococcal conjugate vaccine containing the serotypes in PCV13 and an additional 2 serotypes (22F and 33F) has been developed to address this shift and further curb pneumococcal carriage and invasive disease [25]. Importantly, recent epidemiological studies suggest there is also a rise in the number of individuals colonised with non-encapsulated S. pneumoniae [26]. This is presumably driven by both vaccine and antibiotic selective pressures, although increased sensitivity in our detection methods may account for increasing numbers. The importance of these non-encapsulated strains to human health is an open question. What is more, their impact may be indirect, for example they may act as a reservoir of antibiotic resistance genes for encapsulated strains [27].
The capsule by itself cannot be signed off as the sole virulence determinant responsible for human disease. More than 60 years of evidence suggests that the toxin pneumolysin (Ply) and diverse surface proteins are involved in tissue damage, modulation of the host response, immune evasion, and adhesion and invasion of cells and tissues [28, 29]. This requirement for non-capsular determinants is reinforced by observations that show: (i) isogenic capsule serotype-switching does not always confer virulence [30]; (ii) clinical isolates of S. pneumoniae belonging to the same serotype vary in their ability to cause disease [31]; and (iii) isogenic deletion of protein determinants can drastically attenuate the ability of S. pneumoniae to progress from one anatomical site to the next [32]. When considering all of these factors together, one must conclude that pneumococcal virulence is the result of the right combination of capsule, cytotoxic factors produced, and surface protein virulence determinants.
This review will discuss how different pneumococcal determinants impact the disease progression in an anatomically site-specific manner. To understand the mechanisms of pneumococcal evasion of the immune system it is necessary to understand anti-pneumococcal mechanisms of innate and adaptive immunity in the host.

Pneumococcal colonisation of the respiratory mucosa
The role of the pneumococcal capsule in persistence within the respiratory mucosa

                           S. pneumoniae transmission between individuals occurs via aerosolised droplets that are inhaled and via pneumococcus contaminated fomites that introduce the bacteria to the oropharynx (e.g., saliva coated toys in daycare settings). As such, the dominant mechanisms of defense against the pneumococcus include the physical barrier formed by the mucosal surface of the respiratory tract, soluble antibacterial components present in the mucus, and the innate and adaptive immune cells residing in the mucosal linings. To counter bacterial adherence and colonisation of the nasopharyngeal epithelia, the negatively charged mucus layer of epithelial lining forms the first line of defense. Pneumococci have evolved different degrees of negatively charged capsules to evade entrapment and mucus-dependent clearance [8]. With the exception of serotypes 7A, 7F, 14, 33F, and 37, all pneumococcal capsules with known biochemical structure possess a net negative charge [33]. The capsular negative charge electrostatically repels phagocytic macrophages and neutrophils that are also negatively charged, and sterically inhibits receptor ligand interactions with pneumococcal surface components [34, 35]. The importance of the net capsular charge is best evidenced by the observation that the serotypes that possess the greatest negative charge are those that exhibit the highest carriage prevalence in human populations [34].

Resistance to anti-microbial secretions
The respiratory tract epithelial lining secretes lactoferrin, various cationic antimicrobial peptides (AMPs), and lysozyme with anti-pneumococcal activity [36, 37]. Lactoferrin sequesters the iron necessary for bacterial metabolism, hence exerting its antimicrobial activity [36]. Lysozyme enzymatically hydrolyses the conserved β-1,4-glycosidic bonds between N-acetylglucosamine and N-acetylmuramic acid, the disaccharide building blocks of the peptidoglycan backbone of Gram-positive bacteria. To evade cationic AMP-mediated killing, S. pneumoniae has been shown to incorporate D-alanine in its cell wall techoic acid component to reduce cell surface negative charge [38]. Most pneumococci express the serine protease PrtA that cleaves human apolactoferrin (the iron-free form of lactoferrin). This yields a very potent bactericide called lactoferricin. Clones of S. pneumoniae capsular serotypes 2 and 19F strains with mutations in the prtA gene, have demonstrated a loss of their ability to convert apolactoferrin to lactoferricin rendering them resistant to lactoferrin killing [37]. Pneumococcal surface protein A (PspA), a choline-binding protein, binds to the active site of apolactoferrin through electrostatic interactions thus sequestering it and blocking apolactoferrin-mediated bacterial killing [39, 40]. Two enzymes—PdgA, a N-acetylglucosamine deacetylase and Adr, an O-acetyl transferase—have been shown to modify the pneumococcal cell wall making it resistant to lysozyme-mediated degradation [41].
Nasopharyngeal secretions are also rich in secretory immunoglobulin A (sIgA), which bind to and aggregate pneumococci [42]. This facilitates their opsonisation and promotes phagocytosis; it also anchors the bacteria in the mucus for mechanical clearance [43]. Pneumococci have evolved an IgA1 protease enzyme, which cleaves the sIgA at its hinge region abrogating the sIgA-mediated aggregation, thus allowing individual pneumococci to block their aggregation and entrapment within mucous and gain access and colonise the underlying nasopharyngeal mucosa [44].

Pneumococcal adhesins during colonisation
While the capsule is required for virulence, it also negatively impacts the ability of pneumococci to adhere to mucosal epithelial cells [45]. This has been attributed to net charge as well as the reduced opportunity of bacterial adhesins to interact with their ligands on the host cell surface. To address this, pneumococci have been demonstrated to alter capsule expression levels in response to environmental cues such as oxygen availability, as well as in a stochastic manner via phase variation [46]. Pneumococci within the nasopharynx of colonised animals tend to belong to the transparent phenotype whereby they express lower levels of capsule and higher levels of certain cell surface adhesins like choline-binding protein A (CbpA) [46, 47]. In contrast, pneumococci isolated from the blood tend to belong to the opaque phenotype (and express more capsule), which is an inhibitor to adhesion but protects against opsonophagocytic killing [48]. The role of phenotype switching is discussed in greater detail below.
The ability to adhere to host cells results from the collective contribution of diverse surface proteins that include choline-binding proteins and microbial surface components recognising adhesive matrix molecules (MSCRAMMS) [49]. CbpA, also referred to as PspC, binds to the polymeric immunoglobulin receptor (pIgR) and laminin receptor (LR), while pneumococcal cell wall phosphorylcholine (ChoP) binds to platelet-activating factor receptor (PAFR) on the host cell surface allowing attachment and subsequent transcytosis to breach the host respiratory epithelial barrier [42, 50–52]. Other choline-binding proteins play roles in adhesion but also evasion of the host defense (discussed below), autolysis, fratricide, and decoration of the cell surface with ChoP [53, 54]. Mutants deficient in these proteins have been demonstrated to be less fit and avirulent in comparison to the wild type [55].
The extracellular matrix components present in the airways also serve as attachment ligands for pneumococci. These are targeted by MSCRAMMS. For example, pili are multi-subunit surface structures that enhance pneumococcal adherence to collagen I, fibronectin, and laminin [56]. Pilus islet-1 (PI-1) encodes RrgA, RrgB, and RrgC, which together make up the stalk and tip of the pilus in pneumococci [56, 57]. The adhesive pili tip, composed of RrgA, mediates binding to the host respiratory epithelium and modulates tissue invasion [56, 58]. Certain S. pneumoniae serotypes, for example serotypes 1, 2, 7 F, 19A and 19F, which are considered to be the emerging serotypes in industrialised and developing countries, have been found to express an alternative pilus islet-2 (PI-2) [59]. PI-2 further enhances adherence to host cells [59]. Pneumococcal adhesion and virulence proteins PavA and PavB are also MSCRAMMs that bind to fibronectin glycoproteins on epithelial cells facilitating nasopharyngeal colonisation and persistence [60, 61]. Bound extracellular matrix components not only serve as anchors for the pneumococcus in the nasopharynx, but also presumably as bridging molecules between pneumococci, thereby allowing for bacterial microcolonies or biofilms to develop [62].

                           S. pneumoniae also expresses carbohydrate-active enzymes (CAZymes) such as neuraminidase A (NanA), beta-galactosidase (BgaA), and beta-N-acetylgucosaminidase (StrH) that can modify a wide range of host glycans in the mucus, liquefying it to prevent entrapment [63, 64]. These exoglycosidases also liberate terminal monosaccharides such as sialic acid, galactose and N-acetylglucosamine, respectively, from the host cell surface. This is thought to promote the adherence of S. pneumoniae by exposing cryptic binding sites (e.g., N-Acetyl-D-Galactosamine) on the epithelial surface and the released monosaccharides serve as a carbon source to sustain growth [63, 65]. To further aid effective colonisation, pneumococci have also been implicated in inducing actin cytoskeleton disorganisation and disrupting the respiratory epithelial architecture, resulting in a loss of efficient mucociliary clearance [66]. Ply has also been shown to inhibit ciliary function and cause considerable cell damage [67]. Other virulence factors such as hydrogen peroxide produced by SpxB (pneumococcal pyruvate oxidase), hyaluronate lyase, and secreted metalloproteases augment the Ply-mediated injury to the human respiratory epithelium [68, 69]. Tissue inflammation increases the expression of known pneumococcal ligands such as pIgR, LR, and PAFR [70]. A new and important adhesin is PspK. The gene encoding PspK is found in place of the capsule operon. PspK has been implicated in otitis media caused by unencapsulated S. pneumoniae [71, 72]. Other proteins, such as enolase, that are normally thought to be intracellular housekeeping proteins, have been demonstrated to have important adhesin and immune system evading properties [73, 74]. A comprehensive review focused on pneumococcal adhesins and their possible use as novel vaccine antigens is available [75].

Pneumococcal biofilms
Persistent nasopharyngeal colonisation and middle ear infection by S. pneumoniae is now known to involve biofilms [76, 77]. Biofilms are surface attached microbial communities encased within an extracellular matrix made up of complex carbohydrates, proteins and nucleic acids [78]. In vitro and in vivo S. pneumoniae within biofilms are predominantly in the transparent phenotype with a low-capsule and high cell wall techoic acid expression aiding in strong adhesion properties to host cells [46, 79]. Numerous pneumococcal proteins including NanA, LytA and SpxB have been associated with biofilm formation [80, 81]. In vitro, hydrogen peroxide produced by SpxB induces mutations in the capsule-encoding operon, resulting in pneumococcal variants with little to no capsule [82]. Whether this occurs in vivo is not known. SpxB-deficient mutants are, however, more encapsulated than wild-type S. pneumoniae [83]. As indicated earlier, transparent pneumococci in biofilms express elevated levels of certain adhesins such as CbpA, factors that modify host surface such as NanA, and lower levels of Ply [47]. The pneumococcal serine-rich repeat protein (PsrP) has also been documented to be up-regulated in biofilms [47]. PsrP permits pneumococcal adhesion to cytokeratin 10 on lung epithelial cells but also mediates intra-species pneumococcal tethering that facilitates the formation of biofilms [84, 85]. The fact that pneumococci colonising the nasopharynx asymptomatically (presumably within biofilms) are less capsulated with a higher-level expression of adhesin proteins suggests a very complicated interplay between various pneumococcal virulence determinants, one that is only in part mediated by phase variation. Of note, considerable evidence suggests that pneumococci within biofilms modulate virulence gene expression and are less invasive than their planktonic counterparts [47]. This suggests S. pneumoniae suppresses its virulence to promote asymptomatic carriage.
Otitis media
Otitis media or middle ear infection is one of the most common paediatric infections [12]. It is responsible for a tremendous socioeconomic burden in the form of hospital visits, surgical intervention, antibiotic therapy, and repeated infections may have long-lasting consequences such as hearing and speech impairment [86, 87]. One of the major difficulties with treatment of otitis media is the rising incidence of persistent and recurrent middle ear infection despite antibiotic therapy [88, 89]. S. pneumoniae is among the leading causes of such recurrent and persistent otitis media [90], with biofilm formation thought to play an important role [91, 92]. Although pneumococcal conjugate vaccines (PCV7/PCV13) have had considerable success in reducing the incidences of IPD, they have achieved only modest success with respect to the prevention of otitis media [93]. Epidemiological reports also suggest increasing prevalence of otitis media infections caused by non-encapsulated S. pneumoniae strains in vulnerable populations [26]. Antibiotic therapy is the most accepted mode of treatment for otitis media. However, persistent otitis media resistant to antimicrobial therapy is increasingly observed in humans and has been replicated as experimental models [94–96].

                              S. pneumoniae isolated from the middle ear of children with otitis media showed phase variation with a predominant tendency to possess an opaque phenotype, suggesting a different form of selection within the middle ear niche compared to the nasopharynx [97]. S. pneumoniae isolates from patients with otitis media were found to express MSCRAMMs such as pili (both PI-1 and PI-2), in addition to PspA, CbpA, and PcpA, and NanA [91, 98, 99]. Otitis media isolates showed enhanced adhesive abilities irrespective of their capsular serotype [99, 100]. Pneumococcal CAZymes such as NanA have also been shown to play a major role during middle ear biofilm formation wherein they liberate sialic acid residues from the tubotympanum of the experimentally challenged chinchillas and expose the underlying N-acetylglucosamine residues as potential attachment sites [101]. Pneumococcal autolysin and Ply have been implicated to play a role in pneumococcal pathogenesis of otitis media, which is characterised by neutrophil infiltration in the middle ear [102]. This Ply-mediated cytotoxicity is thought to explain the loss of outer hair cells within the ear cochlea and associated sensorineural hearing impairment following middle ear infection by S. pneumoniae [103]. Finally, it is now recognised that host innate and adaptive immune responses also play a major role in predisposing individuals to pneumococcal middle ear infection. Deficiencies in lysozyme M secretion, complement pathway activation, and mucosal antibody production have all been reported to increase susceptibility to otitis media [104–106]. In instances where otitis media is caused by unencapsulated S. pneumoniae strains, PspK seems to be a major determinant. In a chinchilla infection model, PspK has been shown to be important for progression of infection from the nasopharynx to middle ear [72].


Host pathogen interactions involving innate immune mechanisms
The respiratory tract epithelium is home to resident macrophages and other immune cells that exert anti-bacterial activities [107]. Macrophages in the respiratory mucosa and monocytes and/or neutrophils that enter from the systemic circulation play the role of dominant effectors against pneumococcal infection, thus determining if the invading pneumococci can establish infection or are cleared without pathological consequences [108]. Clearance by macrophages is almost always effective; when this is not the case pneumonia develops and neutrophils are recruited to the airways.
One class of receptors that play an important role in macrophage surveillance against pneumococcal infection is scavenger receptors [109–111]. Scavenger receptors can function as pattern recognition receptors (PRRs) against bacterial pathogens and their activation induces a phagocytic response towards the microbes, even in the absence of their opsonisation [111]. The class A macrophage scavenger receptors (SRAs) can recognise the Gram-positive bacterial cell wall component lipotechoic acid and unmethylated CpG nucleotide sequences in bacterial DNA (CpG DNA) [112, 113]. They also function as co-receptors to Toll-like receptors (TLRs) such as TLR2 and Nod2, allowing a positive reinforcement to the innate inflammatory response to pneumococcal colonisation [111, 114]. SRAs (namely SRA-I/II and macrophage receptor with collagenous structure [MARCO]) expressed on the alveolar macrophages have been in implicated in anti-pneumococcal immunity [115, 116]. This was emphasised by increased susceptibility of mice lacking either of these receptors towards pneumococcal infection and associated pneumonic inflammation [109, 110].
Efficient pneumococcal clearance by macrophages first requires their activation in response to S. pneumoniae [117]. PRRs—such as TLR2, which recognises lipoproteins and lipotechoic acids in the pneumococcal cell wall; TLR4, which recognises Ply; TLR9, which recognises CpG DNA; and Nod2, which detects lysozyme digested peptidoglycans within the cytoplasm—have been found to contribute to macrophage activation and inflammatory response against pneumococci [118, 119]. Activation of macrophages via PRRs enhances phagocytosis, respiratory burst, major histocompatibility complex class II expression, and increases secretion of pro-inflammatory T helper (Th)1 and Th17 polarising cytokines like interleukin (IL)-8/killer cells (KC), granulocyte colony stimulating factor (G-CSF), macrophage chemoattractant protein-1, tumor necrosis factor alpha (TNF-α), interferon gamma (IFN-γ), IL-6, and IL-1α [120]. All these cytokines play a major role in orchestrating the host immune defense against pneumococci. While IL-8/KC and G-CSF are involved in neutrophil recruitment and activation, TNF-α and IFN-γ stimulates the Th1 and Th17 T cell lineages [121, 122]. IL-1α plays a vital role in T-cell expansion and survival [123, 124].
Ply also stimulates the Nod-like receptor NLRP3, thus activating the inflammasome complex, which results in secretion of the active forms of proinflammatory cytokines IL-1β, and IL-18 [125, 126]. Of note, clinical isolates of S. pneumoniae serotypes 1, 8, and 7F are associated with increased virulence despite reduced Ply activity due to their ability to evade NLRP3-mediated activation of the immune system [126]. Ply is also able to activate the classical complement cascade by binding to IgG, and in sufficient concentrations is able to kill cells directly [127]. The latter is through pore-formation-mediated loss of osmotic regulation, leading to cell lysis, but now also understood to be the result of both pyroptosis- and necroptosis-mediated killing at lower concentrations [128, 129]. Ply has also been implicated as being capable of killing phagocytic cells through rupture of the lysosome, once engulfed [130, 131]. Thus Ply is responsible for the subversion of the innate immune response against pneumococci by initiating macrophage, neutrophil and dendritic cell death [131, 132].
Successful nasopharyngeal colonisation by S. pneumoniae and Ply-mediated pore formation on epithelial cells exerts osmotic stress that activates p38 mitogen-activated protein kinase (p38 MAPK) signaling cascade [133]. This results in increased chemokine expression and the influx of neutrophils [8, 121]. Recruited neutrophils engulf and kill the bacteria by fusion of their antimicrobial granules with the phagosome. These phagosomes contain many reactive oxygen species and AMPs that can also be released by neutrophilic degranulation. Neutrophil-mediated killing is also enhanced by the pneumococcal capsule which sensitises the encapsulated bacteria to human neutrophil proteins 1 to 3 of the alpha defensin subfamily of AMPs exclusively produced by neutrophils [134, 135]. In addition to this, neutrophils on activation are also capable of releasing their chromatin DNA, which is bound to antimicrobial components like histones, elastase, myeloperoxidase, and lactoferrins that together form extracellular fibres called neutrophil extracellular traps (NETs) [136, 137]. Pneumococci trapped within the NETs escape using a membrane-bound surface endonuclease, EndA [138]. Pneumococci have also evolved alternative mechanisms for resistance to NET-mediated killing wherein they add D-alanine residues to their cell wall lipotechoic acid structure, thus gaining a positive charge that helps them electrostatically repel NET entrapment [139]. S. pneumoniae belonging to serotypes 1, 2, 4, and 9V possess capsules that further protect them against entrapment and killing mediated by NETs [139]. It is worth noting that excessive tissue inflammation and prolonged neutrophil infiltration is detrimental to the host and may permit the bacteria to escape from the lungs into the bloodstream [140, 141]. Thus neutrophils, despite being required for bacterial clearance, also enhance tissue destruction and indirectly facilitate pneumococcal dissemination into the circulation. The host must strike a careful balance between an insufficient and excessive immune response.

Anti-pneumococcal adaptive immune mechanisms
Optimal host-mediated opsonophagocytic killing of S. pneumoniae involves both innate and adaptive immune mechanisms with complement and serotype-specific antibodies together providing the basis for strong anti-pneumococcal immunity. The fact that mice lacking CD8+ T cells were fully protected from pneumococcal challenge of any serotype but mice deficient in CD4+ T cells were not capable of clearing pneumococcal infection despite normal innate immune function highlights that the pneumococcus is an extracellular pathogen, and that there is a requirement for an adaptive response [142]. CD4+ T cells have been shown to migrate into the lungs early after intranasal challenge with S. pneumoniae in a Ply-dependent manner [143, 144]. Importantly, mice lacking 1L-17A receptors were not protected against subsequent pneumococcal colonisation, suggesting an important role for 1L-17A and thus the Th17 subset of CD4+ T cells in anti-pneumococcal acquired immunity [145]. IL-17A response to pneumococcal challenge efficiently recruits neutrophils and monocyte/macrophages into the airway lumen to further enhance the pneumococcal clearance [145, 146]. These observations were also recapitulated in experimental human pneumococcal carriage studies where carriage resulted in an increased number of Th17 cells in the airway lumen and enhancement in alveolar macrophage-mediated pneumococcal killing [147]. In addition to recruiting neutrophils via IL-17A, T cells have also been shown to modulate the antibody response against pneumococci forming an important link between the innate and adaptive immunity to S. pneumoniae [148, 149].


Systemic pneumococcal infection
Pneumococcal invasion of epithelial cells and endothelial cells
Pneumococci are capable of gaining entry into systemic circulation by translocation across respiratory epithelium and endothelial cells using two major mechanisms: intracellular migration and inter- or paracellular migration. ChoP acts as a molecular mimic of platelet-activating factor (PAF) and binds to PAFR on activated epithelial and endothelial cells, providing the bacterium with access via the PAFR recycling pathway [51]. This requires simultaneous interaction of CbpA with the LR [52], and allows pneumococcal migration to the basal membrane of host cell within vacuoles [51, 150]. Furthermore, CbpA also binds to the extracellular region of pIgR on the epithelial cell surface [42, 50]. This CbpA-pIgR interaction allows the pneumococcus to co-opt to the pIgR recycling pathway, and results in pneumococcal translocation within a vacuole towards the basal membrane of the epithelial cells [42, 151]. Of note, a study using 20 capsule-switched variants of S. pneumoniae TIGR4 strain found that successful pneumococcal invasion was highly dependent on the right combination of capsular serotype and CbpA, which together conferred resistance to complement recruitment and activation resultantly abrogating neutrophil opsonophagocytosis [152].
Inter- or paracellular migration of pneumococci across the epithelial and endothelial respiratory barrier can occur in two ways. Pneumococcus-bound plasminogen enhances pneumococcal adhesion to epithelial cells and endothelial cells, leading to cleavage of the intercellular cadherin junctions and allowing intercellular migration of pneumococci [153]. The recognition of pneumococcal cell wall lipotechoic acids by TLR2 is also shown to induce loss of epithelial barrier polarity by activation of p38 MAPK and transforming growth factor beta pathways, further promoting invasion [154]. Ply-mediated damage to the tissue barrier can also facilitate pneumococcal entry into the systemic circulation, enhancing invasion [67]. An important role for paracellular invasion has been demonstrated by the testing of type I interferon knockout mice that do not up-regulate tight junctions in response to bacterial infections. These mice developed bacteraemia at a rate considerably higher than their wild-type controls [155].

Resistance to complement activation
Within the consolidated lungs and once pneumococci enter the bloodstream they are faced with a wide barrage of antibacterial host defense mechanisms. Typically, the innate immune mechanisms composed of the complement system, C-reactive proteins (CRPs), and phagocytic cells such as neutrophils and macrophages are considered to be of primary importance. The importance of complement systems in protection against pneumococcal infection is evidenced from the high susceptibility of mice and humans to pneumococcal infections when certain complement components are experimentally depleted or genetically deficient [156, 157]. Activation of the complement system involves recognition of specific molecular patterns on pathogens, a cascade of proteolytic cleavage involving several complement factors followed by bacterial killing, either by recruitment of the membrane attack complex or by opsonophagocytosis [158].
The complement system is comprised of 3 cascade pathways: the classical complement pathway, the alternative complement pathway, and the lectin-induced complement pathway. Naturally produced IgM specific against pneumococcal techoic acid and acute phase proteins (such as CRPs directed against ChoP in the pneumococcal cell wall) initiates complement subcomponent C1q deposition on the bacteria, inducing the classical complement pathway [159, 160]. The alternative complement pathway is induced against pneumococci by the direct interaction of the complement C3 with the pneumococcal cell wall, leading to C3b deposition on the bacterial surface [161, 162]. The lectin-induced complement pathway plays a less vital but still important role in protection against pneumococcal disease. Among the various lectins such as mannan-binding lectin, H-, L-, and M-ficolin, only L-ficolin and M-ficolin were found to activate the alternative complement cascade against the pneumococci. While L-ficolin bound to 3 capsulated S. pneumoniae serotypes (11A, 11D, and 11F) and ChoP moieties of the pneumococcal cell wall [163], M-ficolin bound to the extra N-acetylmannosamine residue linked via glycoside linkage within the capsules of 2 strains of S. pneumoniae serotype 19 (19B and 19C) [164]. Activation of the C1q by the classical or lectin-induced complement cascades leads to cleavage and activation of complement component C2, which then in combination with the activated fragment of C4 elicits C3b deposition [158]. Deposition of complements and CRPs enhances phagocytosis and induces cytokine production by immune cells [165, 166]. Splenic and liver resident macrophages have been reported to play a role in pneumococcal killing within systemic circulation and thus dampening the spread of bacteraemia [167].
The pneumococcal capsule blocks complement-mediated opsonophagocytosis by impairing the efficient binding of complement components on the bacterial surface, preventing proteolytic conversion of C3b to iC3b, and masking the cell-bound complements, thus hampering access of phagocytes to the opsonising complements [7]. The contribution of capsular serotypes in pneumococcal resistance to complements was reaffirmed when capsular serotype-switched S. pneumoniae TIGR4 background mutants showed different levels of susceptibility towards complement mediated opsonisation [168]. While capsular serotypes 6A and 23F strains on TIGR4 background showed more predisposition towards C3b/iC3b deposition and neutrophil phagocytosis, the capsular serotypes 4 and 7F strains on TIGR4 background showed resistance towards complement-mediated immunity and were more virulent in a mouse model of sepsis [168]. Additionally, pneumococci express a number of cell surface proteins that limit opsonisation-mediated killing. CbpA is capable of inhibiting opsonisation-mediated killing by binding and activating the complement regulatory protein factor H and thus inhibiting the alternative and lectin pathways [169], in addition to binding C4-binding protein and inhibiting the classical complement pathway [170]. However, the contribution of CbpA-mediated inhibition of complement cascade to pneumococcal infections is highly strain dependent. While CbpA deletion abrogated the virulence of S. pneumoniae serotype 4 strain TIGR4, the virulence of serotypes 2, 3, and 19F strains remained unaffected [171]. Isogenic capsule-switched strains on S. pneumoniae TIGR4 background showed large increases in deposition of factor C3b/iC3b on capsule-switched serotypes 4, 6A, 6B, and 9 V strains, but no significant difference in deposition on serotypes 2, 3, 17, and 23F strains [172]. This further bolstered the notion that pneumococcal virulence is mediated by a complex interplay between capsule and protein virulence determinants.
PspA is a key pneumococcal surface protein that inhibits C3 binding on the surface of S. pneumoniae, avoiding complement-mediated opsonophagocytosis (Fig. 1) [173, 174]. PspA and PspC work synergistically to reduce this complement-mediated immune adherence and permit pneumococcal persistence in circulation [175] while PhpA is a surface-expressed protein capable of degrading C3 [176, 177]. As indicated previously, Ply is known to inhibit complement-mediated pneumococcal clearance by binding to the Fc portion of IgG, thus activating the classical complement pathway and sequestering complement factors away from the bacteria [178]. NanA, BgaA, and StrH have also been implicated in resistance to complement C3-mediated opsonophagocytosis in addition to their role in aiding pneumococci breach the nasopharyngeal epithelium barrier; this is via the deglycosylation of key host effector molecules [179].[image: A41479_2016_7_Fig1_HTML.gif]
Fig. 1
                                       Streptococcus pneumoniae virulence determinants and host immune responses associated with pneumococcal infection in an anatomical site-specific manner. S. pneumoniae virulence factors known to play a major role in pneumococcal colonisation and infection of the respiratory mucosa, systemic circulation, and the brain, are listed in the left panel with the respective site-specific anti-pneumococcal host responses displayed in the right panel. The role of host–pathogen molecular interaction in pneumococcal migration across the respiratory epithelial–endothelial barrier and the blood–brain barrier is also highlighted in anatomical context. PrtA, serine protease; PspA, pneumococcal surface protein A; AMPs, antimicrobial peptides; PdgA, N-acetylglucosamine deacetylase; Adr, O-acetyl transferase; IgA, immunoglobulin A; CbpA, choline binding protein A; ChoP, cell wall phosphorylcholine; PsrP, pneumococcal serine rich repeat protein; MSCRAMMs, microbial surface components recognising adhesive matrix molecules; PavA, pneumococcal adhesion and virulence A; PavB, pneumococcal adhesion and virulence B; CAZymes, carbohydrate-active enzymes; NanA, neuraminidase; BgaA, beta-galactosidase; StrH, beta-N-acetylgucosaminidase; Hyl, hyaluronate lysase; PhpA, histidine triad protein A; LytA, pneumococcal autolysin; Ply, pneumolysin; SpxB, pneumococcal pyruvate oxidase; EndA, endonuclease; sIgA, secretory IgA; CRP, C-Reactive protein; NETs, neutrophil extracellular traps; PAFR, platelet activating factor receptor; pIgR, polymeric immunoglobulin receptor; LR, laminin receptor




                        

Resistance to CRP
CRP is an acute phase protein produced by the liver in response to IL-6 and other pro-inflammatory cytokines generated during systemic acute infection [180]. Epithelial cells in human respiratory tracts have also been reported to secrete CRP, thus serving as important players in the innate immune mechanisms against pneumococci [181]. During pneumococcal infections, CRP binds to ChoP on the pneumococcal cell wall resulting in the activation C1q [160]. PspA binds to ChoP moieties on the pneumococcal cell surface, competitively inhibiting the interaction of CRP with the cell wall [182]. Recent evidence suggests that the dominant pneumococcal autolysin LytA also prevents interaction of C1q and CRP, further reducing classical complement system activation [183]. In addition, LytA was also demonstrated to increase recruitment of complement inhibitors C4b-binding protein and factor H to the pneumococcal cell wall and actively degrade C3b and iC3b [183].


Invasion of tissue from the bloodstream
Pneumococcal meningitis
Systemic spread of S. pneumoniae within the circulation allows pneumococci access to the small blood vessels within organs. In the cranium, this provides access to, and can lead to translocation across, the blood–brain barrier into the subarachnoid space leading to bacterial meningitis. Worldwide, pneumococcal meningitis causes more than 50,000 deaths each year in children aged 5 years or younger. Those that survive often have long-term disabilities [184]. Pneumococci have been shown to translocate across the brain microvascular endothelial cells by binding to the vascular endothelial PAFR and LR, in a ChoP- and CbpA-dependent manner, similar to that previously described in pneumococcal invasion of epithelial cells [52, 185]. A recent study also reports that pIgR is present on the surface of brain microvascular endothelium; thus invasion may occur in this manner as well [186]. Importantly, adhesion to LR seems to have a conserved role in the pathogenesis of other neurotropic pathogens such as Neisseria meningitidis, and Haemophilus influenzae [52]. In addition to the intracellular translocation pathway, it is speculated that pneumococci also migrate across the vascular endothelial cell linings by disrupting the intercellular tight junctions during severe disease episodes. S. pneumoniae can bind and activate plasminogen in blood and cerebral spinal fluid, resulting in adhesion and damage to the extracellular matrix in in vitro models of bacterial meningitis and affected patients [187, 188]. Furthermore, pneumococci use hyaluronate lyase to digest various components of the intercellular milieu and host extra-cellular matrix, including hyaluronic acid, chondroitin and/or chondroitin sulfates to breach the blood–brain barrier [189]. Alternatively, it is thought that pneumococci may gain access through the sinuses and olfactory nerves following colonisation, in this instance causing occult meningitis (i.e., meningitis without airway or bloodstream infection) [190].
Once within the central nervous system, S. pneumoniae can cause damage to the brain microvascular endothelial cells during the course of pneumococcal meningitis [191]. Much of this ability to destroy the endothelial cell layer guarding the blood–brain barrier is attributed to pneumococcal Ply-mediated cytotoxicity in addition to the pneumococcal cell wall [192, 193]. The pneumococcal cell wall, and autolysis-mediated-Ply release induces a massive inflammatory response in the central nervous system [194]. Ply and hydrogen peroxide produced by the activity of SpxB contribute to the maximal neuronal apoptosis by caspase-dependent and independent mechanisms [195, 196]. Pneumococcal-mediated inflammatory damage incites the production of a wide array of cytokines that recruit immune cells to the site of pneumococcal infiltration. Neutrophils and other immune leukocytes have been found in spaces adjacent to subarachnoid arteries, meningeal veins, and also cerebral spinal fluid compartments like the subarachnoid spaces, meninges, and the corpus callosum of the brain in experimental meningitis models [197, 198]. Activated neutrophils secrete nitric and oxygen species [199], which may also contribute to neuronal damage, associated with pneumococcal meningitis.

Pneumococcal cardio-invasion
Recently, our laboratory has reported that during invasive pneumococcal disease, S. pneumoniae circulating in the bloodstream are capable of invading the ventricular myocardium where they form bacteria-filled microscopic lesions (cardiac microlesions) [200]. These cardiac microlesions were accompanied by Ply-mediated cardiomyocyte death and aberrant cardiac functionality [200]. Similar to pneumococcal invasion of the blood–brain barrier, myocardial invasion was found to be dependent on ChoP-PAFR and CbpA-LR interaction [200]. The pneumococcal cell wall can bind to endothelial cells and cardiomyocytes in a PAFR-dependent manner, effectively exciting the cardiac vasculature and disrupting cardiac contractility, ultimately causing cell death [201]. Systemically circulating Ply also contributes towards the IPD-associated cardiac damage [202]. This IPD-associated cardiac damage might be responsible for the adverse cardiac events that occur in up to 25 % of all elderly patients suffering from community-acquired pneumonia [203, 204].


Conclusion
This review highlights the various host–pathogen interactions associated with S. pneumoniae infection (Fig. 1). Understanding the basic pneumococcal biology and the complex link between its different virulence determinants will hopefully provide the insight necessary to solve the S. pneumoniae problem. Despite considerable variability known to exist between experimental challenge in animal models and pneumococcal infections of human populations, significant progress has been made towards this end. Further work and its translation to new and useful therapeutics is still required.

Search strategy
The articles relevant to this review were identified by searching PubMed and Google Scholar for research papers and reviews (published in English only) including but not limited to “Streptococcus pneumoniae”, “pneumococci”, “pneumococcal”, “pneumonia”, “otitis media”, “virulence” and “pathogenesis”. To allow use of complete and detailed information no limits on date of publications were placed during the search. More suitable citations were further identified from the references in these initial searches.

Abbreviations
Adr, an O-acetyl transferase; AMPs, antimicrobial peptides; BgaA, beta-galactosidase A; CAZymes, carbohydrate-active enzymes; CbpA/PspC, choline-binding protein A; ChoP, pneumococcal cell wall phosphorylcholine; CpG DNA, unmethylated CpG nucleotide sequences in bacterial DNA; CRPs, C-reactive proteins; EndA, pneumococcal surface endonuclease; G-CSF, granulocyte colony stimulating factor; Hyl, hyaluronate lyase; IFN-γ, interferon gamma; IgG, Immunoglobulin G; IgM, Immunoglobulin M; IL, interleukins; IPD, invasive pneumococcal disease; KC, killer cells; LR, laminin receptor; LytA, pneumococcal autolysin A; MARCO, macrophage receptor with collagenous structure; MSCRAMMS, microbial surface components recognising adhesive matrix molecules; NanA, neuraminidase A; NETs, neutrophil extracellular traps; NLRP3, NLR family, pyrin domain containing 3 protein; Nod2, Nucleotide-Binding Oligomerization Domain Containing 2; p38 MAPK, p38 mitogen-activated protein kinase signaling cascade; PAF, platelet-activating factor; PAFR, platelet-activating factor receptor; PavA, Pneumococcal adhesion and virulence protein A; PavB, Pneumococcal adhesion and virulence protein A; PcpA, Pneumococcal choline binding protein A; PCV13, 13-valent pneumococcal conjugate vaccine; PCV7, 7-valent pneumococcal conjugate vaccine; PdgA, N-acetylglucosamine deacetylase; PhpA, histidine triad protein A; PI-1, Pilus islet-1; PI-2, pilus islet-2; pIgR, polymeric immunoglobulin receptor; Ply, pneumolysin; PRRs, pattern recognition receptors; PrtA, pneumococcal serine protease; PspA, pneumococcal surface protein A; PspK, pneumococcal surface protein K; PsrP, pneumococcal serine rich repeat protein; sIgA, secretory immunoglobulin A; SpxB, pneumococcal pyruvate oxidase; SRAs, class A macrophage scavenger receptors; StrH, beta-N-acetylgucosaminidase; Th cells, T-helper cells; TLRs, Toll-like receptors; TNF-α, tumor necrosis factor alpha

Funding
CJO is supported by National Institutes of Health (NIHAI114800). The funder had no role in the design of this review, compilation and interpretation of material, decision to publish, or preparation of the manuscript.

Authors’ contributions
All the authors met ICMJE authorship criteria. ATS, CJO generated and designed the research plan. ATS wrote the first draft of the manuscript. CJO reviewed the manuscript for important intellectual content. Both ATS and CJO contributed equally to the figure. ATS, CJO agree with the manuscript’s results and conclusions. ATS, CJO approved the final version of the manuscript.

Competing interests
The authors declare that they have no competing interests.



                           Open AccessThis article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://​creativecommons.​org/​licenses/​by/​4.​0/​), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://​creativecommons.​org/​publicdomain/​zero/​1.​0/​) applies to the data made available in this article, unless otherwise stated.

References
1.
Bogaert D, De Groot R, Hermans PW. Streptococcus pneumoniae colonisation: the key to pneumococcal disease. Lancet Infect Dis. 2004;4:144–54. PMID:14998500, http://​dx.​doi.​org/​10.​1016/​S1473-3099(04)00938–7.PubMed

2.
Vallés J, Diaz E, Martín-Loeches I, Bacelar N, Saludes P, Lema J, et al. Evolution over a 15-year period of the clinical characteristics and outcomes of critically ill patients with severe community-acquired pneumonia. Med Intensiva. 2015. PMID:26391738, http://​dx.​doi.​org/​10.​1016/​j.​medin.​2015.​07.​005.

3.
Black RE, Cousens S, Johnson HL, Lawn JE, Rudan I, Bassani DG, et al. Child Health Epidemiology Reference Group of WHO and UNICEF. Global, regional, and national causes of child mortality in 2008: a systematic analysis. Lancet. 2010;375:1969–87. PMID:20466419, http://​dx.​doi.​org/​10.​1016/​S0140-6736(10)60549-1.PubMed

4.
Wunderink RG, Waterer GW. Community-acquired pneumonia. N Engl J Med. 2014;370:1863. PMID:24806181.PubMed

5.
Austrian R. The Jeremiah Metzger Lecture: Of gold and pneumococci: a history of pneumococcal vaccines in South Africa. Trans Am Clin Climatol Assoc. 1978;89:141–61. PMID:30204.PubMedPubMedCentral

6.
Geno KA, Gilbert GL, Song JY, Skovsted IC, Klugman KP, Jones C, et al. Pneumococcal capsules and their types: past, present, and future. Clin Microbiol Rev. 2015;28:871–99. PMID:26085553, http://​dx.​doi.​org/​10.​1128/​CMR.​00024-15.PubMed

7.
Hyams C, Camberlein E, Cohen JM, Bax K, Brown JS. The Streptococcus pneumoniae capsule inhibits complement activity and neutrophil phagocytosis by multiple mechanisms. Infect Immun. 2010;78:704–15. PMID:19948837, http://​dx.​doi.​org/​10.​1128/​IAI.​00881-09.PubMedPubMedCentral

8.
Nelson AL, Roche AM, Gould JM, Chim K, Ratner AJ, Weiser JN. Capsule enhances pneumococcal colonization by limiting mucus-mediated clearance. Infect Immun. 2007;75:83–90. PMID:17088346, http://​dx.​doi.​org/​10.​1128/​IAI.​01475-06.PubMedPubMedCentral

9.
Pilishvili T, Lexau C, Farley MM, Hadler J, Harrison LH, Bennett NM, et al. Active Bacterial Core Surveillance/Emerging Infections Program Network. Sustained reductions in invasive pneumococcal disease in the era of conjugate vaccine. J Infect Dis. 2010;201:32–41. PMID:19947881, http://​dx.​doi.​org/​10.​1086/​648593.PubMed

10.
Centers for Disease Control and Prevention (CDC). Direct and indirect effects of routine vaccination of children with 7-valent pneumococcal conjugate vaccine on incidence of invasive pneumococcal disease--United States, 1998-2003. MMWR Morb Mortal Wkly Rep. 2005;54:893–7. PMID:16163262.

11.
Pilishvili T, Bennett NM. Pneumococcal disease prevention among adults: strategies for the use of pneumococcal vaccines. Am J Prev Med. 2015;49 Suppl 4:S383–90. PMID:26590438, http://​dx.​doi.​org/​10.​1016/​j.​amepre.​2015.​09.​008.PubMed

12.
Abdullahi O, Nyiro J, Lewa P, Slack M, Scott JA. The descriptive epidemiology of Streptococcus pneumoniae and Haemophilus influenzae nasopharyngeal carriage in children and adults in Kilifi district, Kenya. Pediatr Infect Dis J. 2008;27:59–64. PMID:18162940, http://​dx.​doi.​org/​10.​1097/​INF.​0b013e31814da70c​.PubMedPubMedCentral

13.
Kronenberg A, Zucs P, Droz S, Mühlemann K. Distribution and invasiveness of Streptococcus pneumoniae serotypes in Switzerland, a country with low antibiotic selection pressure, from 2001 to 2004. J Clin Microbiol. 2006;44:2032–8. PMID:16757594, http://​dx.​doi.​org/​10.​1128/​JCM.​00275-06.PubMedPubMedCentral

14.
Ritchie ND, Mitchell TJ, Evans TJ. What is different about serotype 1 pneumococci? Future Microbiol. 2012;7:33–46. PMID:22191445, http://​dx.​doi.​org/​10.​2217/​fmb.​11.​146.PubMed

15.
Sleeman KL, Griffiths D, Shackley F, Diggle L, Gupta S, Maiden MC, et al. Capsular serotype-specific attack rates and duration of carriage of Streptococcus pneumoniae in a population of children. J Infect Dis. 2006;194:682–8. PMID:16897668, http://​dx.​doi.​org/​10.​1086/​505710.PubMed

16.
Harboe ZB, Valentiner-Branth P, Benfield TL, Christensen JJ, Andersen PH, Howitz M, et al. Early effectiveness of heptavalent conjugate pneumococcal vaccination on invasive pneumococcal disease after the introduction in the Danish Childhood Immunization Programme. Vaccine. 2010;28:2642–7. PMID:20096392, http://​dx.​doi.​org/​10.​1016/​j.​vaccine.​2010.​01.​017.PubMed

17.
Vestrheim DF, Løvoll O, Aaberge IS, Caugant DA, Høiby EA, Bakke H, et al. Effectiveness of a 2 + 1 dose schedule pneumococcal conjugate vaccination programme on invasive pneumococcal disease among children in Norway. Vaccine. 2008;26:3277–81. PMID:18456376, http://​dx.​doi.​org/​10.​1016/​j.​vaccine.​2008.​03.​087.PubMed

18.
Andrews N, Waight PA, Borrow R, Ladhani S, George RC, Slack MP, et al. Using the indirect cohort design to estimate the effectiveness of the seven valent pneumococcal conjugate vaccine in England and Wales. PLoS ONE. 2011;6:e28435. PMID:22164292, http://​dx.​doi.​org/​10.​1371/​journal.​pone.​0028435.PubMedPubMedCentral

19.
Deceuninck G, De Wals P, Boulianne N, De Serres G. Effectiveness of pneumococcal conjugate vaccine using a 2 + 1 infant schedule in Quebec, Canada. Pediatr Infect Dis J. 2010;29:546–9. PMID:20125062.PubMed

20.
Taylor S, Marchisio P, Vergison A, Harriague J, Hausdorff WP, Haggard M. Impact of pneumococcal conjugate vaccination on otitis media: a systematic review. Clin Infect Dis. 2012;54:1765–73. PMID:22423134, http://​dx.​doi.​org/​10.​1093/​cid/​cis292.PubMedPubMedCentral

21.
Conklin L, Loo JD, Kirk J, Fleming-Dutra KE, Deloria Knoll M, Park DE, et al. Systematic review of the effect of pneumococcal conjugate vaccine dosing schedules on vaccine-type invasive pneumococcal disease among young children. Pediatr Infect Dis J. 2014;33 Suppl 2:S109–18. PMID:24336053, http://​dx.​doi.​org/​10.​1097/​INF.​0000000000000078​.PubMedPubMedCentral

22.
Isaacman DJ, McIntosh ED, Reinert RR. Burden of invasive pneumococcal disease and serotype distribution among Streptococcus pneumoniae isolates in young children in Europe: impact of the 7-valent pneumococcal conjugate vaccine and considerations for future conjugate vaccines. Int J Infect Dis. 2010;14:e197–209. PMID:19700359, http://​dx.​doi.​org/​10.​1016/​j.​ijid.​2009.​05.​010.PubMed

23.
Andrews NJ, Waight PA, Burbidge P, Pearce E, Roalfe L, Zancolli M, et al. Serotype-specific effectiveness and correlates of protection for the 13-valent pneumococcal conjugate vaccine: a postlicensure indirect cohort study. Lancet Infect Dis. 2014;14:839–46. PMID:25042756, http://​dx.​doi.​org/​10.​1016/​S1473-3099(14)70822-9.PubMed

24.
Pírez MC, Algorta G, Chamorro F, Romero C, Varela A, Cedres A, et al. Changes in hospitalizations for pneumonia after universal vaccination with pneumococcal conjugate vaccines 7/13 valent and haemophilus influenzae type b conjugate vaccine in a Pediatric Referral Hospital in Uruguay. Pediatr Infect Dis J. 2014;33:753–9. PMID:24492286, http://​dx.​doi.​org/​10.​1097/​INF.​0000000000000294​.PubMed

25.
Sobanjo-ter Meulen A, Vesikari T, Malacaman EA, Shapiro SA, Dallas MJ, Hoover PA, et al. Safety, tolerability and immunogenicity of 15-valent pneumococcal conjugate vaccine in toddlers previously vaccinated with 7-valent pneumococcal conjugate vaccine. Pediatr Infect Dis J. 2015;34:186–94. PMID:25741971, http://​dx.​doi.​org/​10.​1097/​INF.​0000000000000516​.PubMed

26.
Hotomi M, Nakajima K, Hiraoka M, Nahm MH, Yamanaka N. Molecular epidemiology of nonencapsulated Streptococcus pneumoniae among Japanese children with acute otitis media. J Infect Chemother. 2016;22:72–7. PMID:26705748, http://​dx.​doi.​org/​10.​1016/​j.​jiac.​2015.​10.​006.PubMed

27.
Hauser C, Aebi S, Mühlemann K. An internationally spread clone of Streptococcus pneumoniae evolves from low-level to higher-level penicillin resistance by uptake of penicillin-binding protein gene fragments from nonencapsulated pneumococci. Antimicrob Agents Chemother. 2004;48:3563–6. PMID:15328127, http://​dx.​doi.​org/​10.​1128/​AAC.​48.​9.​3563-3566.​2004.PubMedPubMedCentral

28.
Bernheimer AW. Comparative Kinetics of Hemolysis Induced by Bacterial and Other Hemolysins. J Gen Physiol. 1947;30:337–53. PMID:19873499, http://​dx.​doi.​org/​10.​1085/​jgp.​30.​4.​337.PubMedPubMedCentral

29.
Rapport MM, Linker A, Meyer K. The hydrolysis of hyaluronic acid by pneumococcal hyaluronidase. J Biol Chem. 1951;192:283–91. PMID:14917676.PubMed

30.
Kelly T, Dillard JP, Yother J. Effect of genetic switching of capsular type on virulence of Streptococcus pneumoniae. Infect Immun. 1994;62:1813–9. PMID:8168944.PubMedPubMedCentral

31.
Browall S, Norman M, Tångrot J, Galanis I, Sjöström K, Dagerhamn J, et al. Intraclonal variations among Streptococcus pneumoniae isolates influence the likelihood of invasive disease in children. J Infect Dis. 2014;209:377–88. PMID:24009156, http://​dx.​doi.​org/​10.​1093/​infdis/​jit481.PubMedPubMedCentral

32.
Orihuela CJ, Gao G, Francis KP, Yu J, Tuomanen EI. Tissue-specific contributions of pneumococcal virulence factors to pathogenesis. J Infect Dis. 2004;190:1661–9. PMID:15478073, http://​dx.​doi.​org/​10.​1086/​424596.PubMed

33.
Kamerling JP. Pneumococcal polysaccharides: a chemical view. In: Alexander T, editor. Streptococcus pneumoniae. 2000.

34.
Li Y, Weinberger DM, Thompson CM, Trzciński K, Lipsitch M. Surface charge of Streptococcus pneumoniae predicts serotype distribution. Infect Immun. 2013;81:4519–24. PMID:24082068, http://​dx.​doi.​org/​10.​1128/​IAI.​00724-13.PubMedPubMedCentral

35.
Magnusson KE. Physicochemical properties of bacterial surfaces. Biochem Soc Trans. 1989;17:454–8. PMID:2577731, http://​dx.​doi.​org/​10.​1042/​bst0170454.PubMed

36.
Arnold RR, Brewer M, Gauthier JJ. Bactericidal activity of human lactoferrin: sensitivity of a variety of microorganisms. Infect Immun. 1980;28:893–8. PMID:6772569.PubMedPubMedCentral

37.
Mirza S, Wilson L, Benjamin Jr WH, Novak J, Barnes S, Hollingshead SK, et al. Serine protease PrtA from Streptococcus pneumoniae plays a role in the killing of S. pneumoniae by apolactoferrin. Infect Immun. 2011;79:2440–50. PMID:21422179, http://​dx.​doi.​org/​10.​1128/​IAI.​00489-10.PubMedPubMedCentral

38.
Kovács M, Halfmann A, Fedtke I, Heintz M, Peschel A, Vollmer W, et al. A functional dlt operon, encoding proteins required for incorporation of d-alanine in teichoic acids in gram-positive bacteria, confers resistance to cationic antimicrobial peptides in Streptococcus pneumoniae. J Bacteriol. 2006;188:5797–805. PMID:16885447, http://​dx.​doi.​org/​10.​1128/​JB.​00336-06.PubMedPubMedCentral

39.
Hammerschmidt S, Bethe G, Remane PH, Chhatwal GS. Identification of pneumococcal surface protein A as a lactoferrin-binding protein of Streptococcus pneumoniae. Infect Immun. 1999;67:1683–7. PMID:10085004.PubMedPubMedCentral

40.
Shaper M, Hollingshead SK, Benjamin Jr WH, Briles DE. PspA protects Streptococcus pneumoniae from killing by apolactoferrin, and antibody to PspA enhances killing of pneumococci by apolactoferrin [corrected] [corrected]. Infect Immun. 2004;72:5031–40. PMID:15321996, http://​dx.​doi.​org/​10.​1128/​IAI.​72.​9.​5031-5040.​2004.PubMedPubMedCentral

41.
Davis KM, Akinbi HT, Standish AJ, Weiser JN. Resistance to mucosal lysozyme compensates for the fitness deficit of peptidoglycan modifications by Streptococcus pneumoniae. PLoS Pathog. 2008;4:e1000241. PMID:19079576, http://​dx.​doi.​org/​10.​1371/​journal.​ppat.​1000241.PubMedPubMedCentral

42.
Kaetzel CS. Polymeric Ig receptor: defender of the fort or Trojan horse? Curr Biol. 2001;11:R35–8. PMID:11166195, http://​dx.​doi.​org/​10.​1016/​S0960-9822(00)00041-5.PubMed

43.
Fasching CE, Grossman T, Corthésy B, Plaut AG, Weiser JN, Janoff EN. Impact of the molecular form of immunoglobulin A on functional activity in defense against Streptococcus pneumoniae. Infect Immun. 2007;75:1801–10. PMID:17261616, http://​dx.​doi.​org/​10.​1128/​IAI.​01758-06.PubMedPubMedCentral

44.
Weiser JN, Bae D, Fasching C, Scamurra RW, Ratner AJ, Janoff EN. Antibody-enhanced pneumococcal adherence requires IgA1 protease. Proc Natl Acad Sci U S A. 2003;100:4215–20. PMID:12642661, http://​dx.​doi.​org/​10.​1073/​pnas.​0637469100.PubMedPubMedCentral

45.
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. PMID:16040978, http://​dx.​doi.​org/​10.​1128/​IAI.​73.​8.​4653-4667.​2005.PubMedPubMedCentral

46.
Weiser JN, Austrian R, Sreenivasan PK, Masure HR. Phase variation in pneumococcal opacity: relationship between colonial morphology and nasopharyngeal colonization. Infect Immun. 1994;62:2582–9. PMID:8188381.PubMedPubMedCentral

47.
Sanchez CJ, Kumar N, Lizcano A, Shivshankar P, Dunning Hotopp JC, Jorgensen JH, et al. Streptococcus pneumoniae in biofilms are unable to cause invasive disease due to altered virulence determinant production. PLoS ONE. 2011;6:e28738. PMID:22174882, http://​dx.​doi.​org/​10.​1371/​journal.​pone.​0028738.PubMedPubMedCentral

48.
Weiser JN. Phase variation in colony opacity by Streptococcus pneumoniae. Microb Drug Resist. 1998;4:129–35. PMID:9651000, http://​dx.​doi.​org/​10.​1089/​mdr.​1998.​4.​129.PubMed

49.
Swiatlo E, Champlin FR, Holman SC, Wilson WW, Watt JM. Contribution of choline-binding proteins to cell surface properties of Streptococcus pneumoniae. Infect Immun. 2002;70:412–5. PMID:11748210, http://​dx.​doi.​org/​10.​1128/​IAI.​70.​1.​412-415.​2002.PubMedPubMedCentral

50.
Elm C, Braathen R, Bergmann S, Frank R, Vaerman JP, Kaetzel CS, et al. Ectodomains 3 and 4 of human polymeric Immunoglobulin receptor (hpIgR) mediate invasion of Streptococcus pneumoniae into the epithelium. J Biol Chem. 2004;279:6296–304. PMID:14660617, http://​dx.​doi.​org/​10.​1074/​jbc.​M310528200.PubMed

51.
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. PMID:7566121, http://​dx.​doi.​org/​nm176/​377435a0.PubMed

52.
Orihuela CJ, Mahdavi J, Thornton J, Mann B, Wooldridge KG, Abouseada N, et al. Laminin receptor initiates bacterial contact with the blood brain barrier in experimental meningitis models. J Clin Invest. 2009;119:1638–46. PMID:19436113, http://​dx.​doi.​org/​10.​1172/​JCI36759.PubMedPubMedCentral

53.
Eldholm V, Johnsborg O, Straume D, Ohnstad HS, Berg KH, Hermoso JA, et al. Pneumococcal CbpD is a murein hydrolase that requires a dual cell envelope binding specificity to kill target cells during fratricide. Mol Microbiol. 2010;76:905–17. PMID:20384696, http://​dx.​doi.​org/​10.​1111/​j.​1365-2958.​2010.​07143.​x.PubMed

54.
Molina R, González A, Stelter M, Pérez-Dorado I, Kahn R, Morales M, et al. Crystal structure of CbpF, a bifunctional choline-binding protein and autolysis regulator from Streptococcus pneumoniae. EMBO Rep. 2009;10:246–51. PMID:19165143, http://​dx.​doi.​org/​10.​1038/​embor.​2008.​245.PubMedPubMedCentral

55.
Gosink KK, Mann ER, Guglielmo C, Tuomanen EI, Masure HR. Role of novel choline binding proteins in virulence of Streptococcus pneumoniae. Infect Immun. 2000;68:5690–5. PMID:10992472, http://​dx.​doi.​org/​10.​1128/​IAI.​68.​10.​5690-5695.​2000.PubMedPubMedCentral

56.
Hilleringmann M, Giusti F, Baudner BC, Masignani V, Covacci A, Rappuoli R, et al. Pneumococcal pili are composed of protofilaments exposing adhesive clusters of Rrg A. PLoS Pathog. 2008;4:e1000026. PMID:18369475, http://​dx.​doi.​org/​10.​1371/​journal.​ppat.​1000026.PubMedPubMedCentral

57.
LeMieux J, Hava DL, Basset A, Camilli A. RrgA and RrgB are components of a multisubunit pilus encoded by the Streptococcus pneumoniae rlrA pathogenicity islet. Infect Immun. 2006;74:2453–6. PMID:16552078, http://​dx.​doi.​org/​10.​1128/​IAI.​74.​4.​2453-2456.​2006.PubMedPubMedCentral

58.
Barocchi MA, Ries J, Zogaj X, Hemsley C, Albiger B, Kanth A, et al. A pneumococcal pilus influences virulence and host inflammatory responses. Proc Natl Acad Sci U S A. 2006;103:2857–62. PMID:16481624, http://​dx.​doi.​org/​10.​1073/​pnas.​0511017103.PubMedPubMedCentral

59.
Bagnoli F, Moschioni M, Donati C, Dimitrovska V, Ferlenghi I, Facciotti C, et al. A second pilus type in Streptococcus pneumoniae is prevalent in emerging serotypes and mediates adhesion to host cells. J Bacteriol. 2008;190:5480–92. PMID:18515415, http://​dx.​doi.​org/​10.​1128/​JB.​00384-08.PubMedPubMedCentral

60.
Holmes AR, McNab R, Millsap KW, Rohde M, Hammerschmidt S, Mawdsley JL, et al. The pavA gene of Streptococcus pneumoniae encodes a fibronectin-binding protein that is essential for virulence. Mol Microbiol. 2001;41:1395–408. PMID:11580843, http://​dx.​doi.​org/​10.​1046/​j.​1365-2958.​2001.​02610.​x.PubMed

61.
Jensch I, Gámez G, Rothe M, Ebert S, Fulde M, Somplatzki D, et al. PavB is a surface-exposed adhesin of Streptococcus pneumoniae contributing to nasopharyngeal colonization and airways infections. Mol Microbiol. 2010;77:22–43. PMID:20444103, http://​dx.​doi.​org/​10.​1111/​j.​1365-2958.​2010.​07189.​x.PubMed

62.
Blanchette KA, Orihuela CJ. Future perspective on host-pathogen interactions during bacterial biofilm formation within the nasopharynx. Future Microbiol. 2012;7:227–39. PMID:22324992, http://​dx.​doi.​org/​10.​2217/​fmb.​11.​160.PubMedPubMedCentral

63.
Burnaugh AM, Frantz LJ, King SJ. Growth of Streptococcus pneumoniae on human glycoconjugates is dependent upon the sequential activity of bacterial exoglycosidases. J Bacteriol. 2008;190:221–30. PMID:17981977, http://​dx.​doi.​org/​10.​1128/​JB.​01251-07.PubMedPubMedCentral

64.
King SJ, Hippe KR, Weiser JN. Deglycosylation of human glycoconjugates by the sequential activities of exoglycosidases expressed by Streptococcus pneumoniae. Mol Microbiol. 2006;59:961–74. PMID:16420364, http://​dx.​doi.​org/​10.​1111/​j.​1365-2958.​2005.​04984.​x.PubMed

65.
Tong HH, Liu X, Chen Y, James M, Demaria T. Effect of neuraminidase on receptor-mediated adherence of Streptococcus pneumoniae to chinchilla tracheal epithelium. Acta Otolaryngol. 2002;122:413–9. PMID:12125999, http://​dx.​doi.​org/​10.​1080/​0001648026000011​1.PubMed

66.
Fliegauf M, Sonnen AF, Kremer B, Henneke P. Mucociliary clearance defects in a murine in vitro model of pneumococcal airway infection. PLoS ONE. 2013;8:e59925. PMID:23527286, http://​dx.​doi.​org/​10.​1371/​journal.​pone.​0059925.PubMedPubMedCentral

67.
Rayner CF, Jackson AD, Rutman A, Dewar A, Mitchell TJ, Andrew PW, et al. Interaction of pneumolysin-sufficient and -deficient isogenic variants of Streptococcus pneumoniae with human respiratory mucosa. Infect Immun. 1995;63:442–7. PMID:7822008.PubMedPubMedCentral

68.
Hirst RA, Sikand KS, Rutman A, Mitchell TJ, Andrew PW, O’Callaghan C. Relative roles of pneumolysin and hydrogen peroxide from Streptococcus pneumoniae in inhibition of ependymal ciliary beat frequency. Infect Immun. 2000;68:1557–62. PMID:10678974, http://​dx.​doi.​org/​10.​1128/​IAI.​68.​3.​1557-1562.​2000.PubMedPubMedCentral

69.
Feldman C, Cockeran R, Jedrzejas MJ, Mitchell TJ, Anderson R. Hyaluronidase augments pneumolysin-mediated injury to human ciliated epithelium. Int J Infect Dis. 2007;11:11–5. PMID:16483814, http://​dx.​doi.​org/​10.​1016/​j.​ijid.​2005.​09.​002.PubMed

70.
Boyd AR, Orihuela CJ. Dysregulated inflammation as a risk factor for pneumonia in the elderly. Aging Dis. 2011;2:487–500. PMID:22288022.PubMedPubMedCentral

71.
Keller LE, Jones CV, Thornton JA, Sanders ME, Swiatlo E, Nahm MH, et al. PspK of Streptococcus pneumoniae increases adherence to epithelial cells and enhances nasopharyngeal colonization. Infect Immun. 2013;81:173–81. PMID:23115034, http://​dx.​doi.​org/​10.​1128/​IAI.​00755-12.PubMedPubMedCentral

72.
Keller LE, Friley J, Dixit C, Nahm MH, McDaniel LS. Nonencapsulated Streptococcus pneumoniae Cause Acute Otitis Media in the Chinchilla That Is Enhanced by Pneumococcal Surface Protein K. Open Forum Infect Dis. 2014;1:ofu037. http://​dx.​doi.​org/​10.​1093/​ofid/​ofu037. PMID:25734113.PubMedPubMedCentral

73.
Agarwal V, Hammerschmidt S, Malm S, Bergmann S, Riesbeck K, Blom AM. Enolase of Streptococcus pneumoniae binds human complement inhibitor C4b-binding protein and contributes to complement evasion. J Immunol. 2012;189:3575–84. PMID:22925928 http://​dx.​doi.​org/​10.​4049/​jimmunol.​1102934 PMID:22925928 PMID:22925928 http://​dx.​doi.​org/​10.​4049/​jimmunol.​1102934.PubMed

74.
Bergmann S, Schoenen H, Hammerschmidt S. The interaction between bacterial enolase and plasminogen promotes adherence of Streptococcus pneumoniae to epithelial and endothelial cells. Int J Med Microbiol. 2013;303:452–62. PMID:23906818, http://​dx.​doi.​org/​10.​1016/​j.​ijmm.​2013.​06.​002.PubMed

75.
Gamez G, Hammerschmidt S. Combat pneumococcal infections: adhesins as candidates for protein-based vaccine development. Curr Drug Targets. 2012;13:323–37. PMID:22206255, http://​dx.​doi.​org/​10.​2174/​1389450127994246​97.PubMed

76.
Sanclement JA, Webster P, Thomas J, Ramadan HH. Bacterial biofilms in surgical specimens of patients with chronic rhinosinusitis. Laryngoscope. 2005;115:578–82. PMID:15805862, http://​dx.​doi.​org/​10.​1097/​01.​mlg.​0000161346.​30752.​18.PubMed

77.
Hall-Stoodley L, Hu FZ, Gieseke A, Nistico L, Nguyen D, Hayes J, et al. Direct detection of bacterial biofilms on the middle-ear mucosa of children with chronic otitis media. JAMA. 2006;296:202–11. PMID:16835426, http://​dx.​doi.​org/​10.​1001/​jama.​296.​2.​202.PubMedPubMedCentral

78.
Costerton JW, Stewart PS, Greenberg EP. Bacterial biofilms: a common cause of persistent infections. Science. 1999;284:1318–22. PMID:10334980, http://​dx.​doi.​org/​10.​1126/​science.​284.​5418.​1318.PubMed

79.
Kim JO, Weiser JN. Association of intrastrain phase variation in quantity of capsular polysaccharide and teichoic acid with the virulence of Streptococcus pneumoniae. J Infect Dis. 1998;177:368–77. PMID:9466523, http://​dx.​doi.​org/​10.​1086/​514205.PubMed

80.
Parker D, Soong G, Planet P, Brower J, Ratner AJ, Prince A. The NanA neuraminidase of Streptococcus pneumoniae is involved in biofilm formation. Infect Immun. 2009;77:3722–30. PMID:19564377, http://​dx.​doi.​org/​10.​1128/​IAI.​00228-09.PubMedPubMedCentral

81.
Blanchette-Cain K, Hinojosa CA, Akula Suresh Babu R, Lizcano A, Gonzalez-Juarbe N, Munoz-Almagro C, et al. Streptococcus pneumoniae biofilm formation is strain dependent, multifactorial, and associated with reduced invasiveness and immunoreactivity during colonization. MBio. 2013;4:e00745–13. PMID:24129258, http://​dx.​doi.​org/​10.​1128/​mBio.​00745-13.PubMedPubMedCentral

82.
Allegrucci M, Sauer K. Formation of Streptococcus pneumoniae non-phase-variable colony variants is due to increased mutation frequency present under biofilm growth conditions. J Bacteriol. 2008;190:6330–9. PMID:18658260, http://​dx.​doi.​org/​10.​1128/​JB.​00707-08.PubMedPubMedCentral

83.
Carvalho SM, Farshchi Andisi V, Gradstedt H, Neef J, Kuipers OP, Neves AR, et al. Pyruvate oxidase influences the sugar utilization pattern and capsule production in Streptococcus pneumoniae. PLoS ONE. 2013;8:e68277. PMID:23844180, http://​dx.​doi.​org/​10.​1371/​journal.​pone.​0068277.PubMedPubMedCentral

84.
Sanchez CJ, Shivshankar P, Stol K, Trakhtenbroit S, Sullam PM, Sauer K, et al. The pneumococcal serine-rich repeat protein is an intra-species bacterial adhesin that promotes bacterial aggregation in vivo and in biofilms. PLoS Pathog. 2010;6:e1001044. PMID:20714350, http://​dx.​doi.​org/​10.​1371/​journal.​ppat.​1001044.PubMedPubMedCentral

85.
Shivshankar P, Sanchez C, Rose LF, Orihuela CJ. The Streptococcus pneumoniae adhesin PsrP binds to Keratin 10 on lung cells. Mol Microbiol. 2009;73:663–79. PMID:19627498, http://​dx.​doi.​org/​10.​1111/​j.​1365-2958.​2009.​06796.​x.PubMedPubMedCentral

86.
Rovers MM, Schilder AG, Zielhuis GA, Rosenfeld RM. Otitis media. Lancet. 2004;363:465–73. PMID:14962529, http://​dx.​doi.​org/​10.​1016/​S0140-6736(04)15495-0.PubMed

87.
Klein JO. The burden of otitis media. Vaccine. 2000;19 Suppl 1:S2–8. PMID:11163456, http://​dx.​doi.​org/​10.​1016/​S0264-410X(00)00271-1.PubMed

88.
Pichichero ME, Casey JR. Evolving microbiology and molecular epidemiology of acute otitis media in the pneumococcal conjugate vaccine era. Pediatr Infect Dis J. 2007;26(Suppl):S12–6. PMID:18049375, http://​dx.​doi.​org/​10.​1097/​INF.​0b013e318154b25d​.PubMed

89.
Auinger P, Lanphear BP, Kalkwarf HJ, Mansour ME. Trends in otitis media among children in the United States. Pediatrics. 2003;112:514–20. PMID:12949276, http://​dx.​doi.​org/​10.​1542/​peds.​112.​3.​514.PubMed

90.
Tonnaer EL, Graamans K, Sanders EA, Curfs JH. Advances in understanding the pathogenesis of pneumococcal otitis media. Pediatr Infect Dis J. 2006;25:546–52. PMID:16732155, http://​dx.​doi.​org/​10.​1097/​01.​inf.​0000222402.​47887.​09.PubMed

91.
Reid SD, Hong W, Dew KE, Winn DR, Pang B, Watt J, et al. Streptococcus pneumoniae forms surface-attached communities in the middle ear of experimentally infected chinchillas. J Infect Dis. 2009;199:786–94. PMID:19434911, http://​dx.​doi.​org/​10.​1086/​597042.PubMed

92.
Zielnik-Jurkiewicz B, Bielicka A. Antibiotic resistance of Streptococcus pneumoniae in children with acute otitis media treatment failure. Int J Pediatr Otorhinolaryngol. 2015;79:2129–33. PMID:26454530, http://​dx.​doi.​org/​10.​1016/​j.​ijporl.​2015.​09.​030.PubMed

93.
Ochoa-Gondar O, Figuerola-Massana E, Vila-Corcoles A, Aguirre CA, de Diego C, Satue E, et al. EPIVAC Study Group. Epidemiology of Streptococcus pneumoniae causing acute otitis media among children in Southern Catalonia throughout 2007-2013: Incidence, serotype distribution and vaccine’s effectiveness. Int J Pediatr Otorhinolaryngol. 2015;79:2104–8. PMID:26453272, http://​dx.​doi.​org/​10.​1016/​j.​ijporl.​2015.​09.​022.PubMed

94.
Pichichero ME. Recurrent and persistent otitis media. Pediatr Infect Dis J. 2000;19:911–6. PMID:11001126, http://​dx.​doi.​org/​10.​1097/​00006454-200009000-00034.PubMed

95.
Ozawa D, Yano H, Endo S, Hidaka H, Kakuta R, Okitsu N, et al. Impact of the Seven-valent Pneumococcal Conjugate Vaccine on Acute Otitis Media in Japanese Children: Emergence of Serotype 15A Multidrug-resistant Streptococcus pneumoniae in Middle Ear Fluid Isolates. Pediatr Infect Dis J. 2015;34:e217–21. PMID:26083590, http://​dx.​doi.​org/​10.​1097/​INF.​0000000000000776​.PubMed

96.
Porat N, Barkai G, Jacobs MR, Trefler R, Dagan R. Four antibiotic-resistant Streptococcus pneumoniae clones unrelated to the pneumococcal conjugate vaccine serotypes, including 2 new serotypes, causing acute otitis media in southern Israel. J Infect Dis. 2004;189:385–92. PMID:14745695, http://​dx.​doi.​org/​10.​1086/​381183.PubMed

97.
Arai J, Hotomi M, Hollingshead SK, Ueno Y, Briles DE, Yamanaka N. Streptococcus pneumoniae isolates from middle ear fluid and nasopharynx of children with acute otitis media exhibit phase variation. J Clin Microbiol. 2011;49:1646–9. PMID:21346044, http://​dx.​doi.​org/​10.​1128/​JCM.​01990-10.PubMedPubMedCentral

98.
Melin MM, Hollingshead SK, Briles DE, Hanage WP, Lahdenkari M, Kaijalainen T, et al. Distribution of pneumococcal surface protein A families 1 and 2 among Streptococcus pneumoniae isolates from children in finland who had acute otitis media or were nasopharyngeal carriers. Clin Vaccine Immunol. 2008;15:1555–63. PMID:18753340, http://​dx.​doi.​org/​10.​1128/​CVI.​00177-08.PubMedPubMedCentral

99.
Moschioni M, De Angelis G, Melchiorre S, Masignani V, Leibovitz E, Barocchi MA, et al. Prevalence of pilus-encoding islets among acute otitis media Streptococcus pneumoniae isolates from Israel. Clin Microbiol Infect. 2010;16:1501–4. PMID:19886901, http://​dx.​doi.​org/​10.​1111/​j.​1469-0691.​2010.​03105.​x.PubMed

100.
Andersson B, Eriksson B, Falsen E, Fogh A, Hanson LA, Nylén O, et al. Adhesion of Streptococcus pneumoniae to human pharyngeal epithelial cells in vitro: differences in adhesive capacity among strains isolated from subjects with otitis media, septicemia, or meningitis or from healthy carriers. Infect Immun. 1981;32:311–7. PMID:7216490.PubMedPubMedCentral

101.
Tong HH, Blue LE, James MA, DeMaria TF. Evaluation of the virulence of a Streptococcus pneumoniae neuraminidase-deficient mutant in nasopharyngeal colonization and development of otitis media in the chinchilla model. Infect Immun. 2000;68:921–4. PMID:10639464, http://​dx.​doi.​org/​10.​1128/​IAI.​68.​2.​921-924.​2000.PubMedPubMedCentral

102.
Sato K, Quartey MK, Liebeler CL, Le CT, Giebink GS. Roles of autolysin and pneumolysin in middle ear inflammation caused by a type 3 Streptococcus pneumoniae strain in the chinchilla otitis media model. Infect Immun. 1996;64:1140–5. PMID:8606070.PubMedPubMedCentral

103.
Cook RD, Postma DS, Brinson GM, Prazma J, Pillsbury HC. Cytotoxic changes in hair cells secondary to pneumococcal middle-ear infection. J Otolaryngol. 1999;28:325–31. PMID:10604161.PubMed

104.
Shimada J, Moon SK, Lee HY, Takeshita T, Pan H, Woo JI, et al. Lysozyme M deficiency leads to an increased susceptibility to Streptococcus pneumoniae-induced otitis media. BMC Infect Dis. 2008;8:134. PMID:18842154, http://​dx.​doi.​org/​10.​1186/​1471-2334-8-134.PubMedPubMedCentral

105.
Li Q, Li YX, Douthitt K, Stahl GL, Thurman JM, Tong HH. Role of the alternative and classical complement activation pathway in complement mediated killing against Streptococcus pneumoniae colony opacity variants during acute pneumococcal otitis media in mice. Microbes Infect. 2012;14:1308–18. PMID:22975410, http://​dx.​doi.​org/​10.​1016/​j.​micinf.​2012.​08.​002.PubMedPubMedCentral

106.
Xu Q, Casey JR, Pichichero ME. Higher levels of mucosal antibody to pneumococcal vaccine candidate proteins are associated with reduced acute otitis media caused by Streptococcus pneumoniae in young children. Mucosal Immunol. 2015;8:1110–7. PMID:25648056, http://​dx.​doi.​org/​10.​1038/​mi.​2015.​1.PubMedPubMedCentral

107.
Dwivedy A, Aich P. Importance of innate mucosal immunity and the promises it holds. Int J Gen Med. 2011;4:299–311. PMID:21556316.PubMedPubMedCentral

108.
Dockrell DH, Marriott HM, Prince LR, Ridger VC, Ince PG, Hellewell PG, et al. Alveolar macrophage apoptosis contributes to pneumococcal clearance in a resolving model of pulmonary infection. J Immunol. 2003;171:5380–8. PMID:14607941, http://​dx.​doi.​org/​10.​4049/​jimmunol.​171.​10.​5380.PubMed

109.
Arredouani M, Yang Z, Ning Y, Qin G, Soininen R, Tryggvason K, et al. The scavenger receptor MARCO is required for lung defense against pneumococcal pneumonia and inhaled particles. J Exp Med. 2004;200:267–72. PMID:15263032, http://​dx.​doi.​org/​10.​1084/​jem.​20040731.PubMedPubMedCentral

110.
Arredouani MS, Yang Z, Imrich A, Ning Y, Qin G, Kobzik L. The macrophage scavenger receptor SR-AI/II and lung defense against pneumococci and particles. Am J Respir Cell Mol Biol. 2006;35:474–8. PMID:16675784, http://​dx.​doi.​org/​10.​1165/​rcmb.​2006-0128OC.PubMedPubMedCentral

111.
Areschoug T, Gordon S. Scavenger receptors: role in innate immunity and microbial pathogenesis. Cell Microbiol. 2009;11:1160–9. PMID:19388903, http://​dx.​doi.​org/​10.​1111/​j.​1462-5822.​2009.​01326.​x.PubMed

112.
Greenberg JW, Fischer W, Joiner KA. Influence of lipoteichoic acid structure on recognition by the macrophage scavenger receptor. Infect Immun. 1996;64:3318–25. PMID:8757870.PubMedPubMedCentral

113.
Zhu FG, Reich CF, Pisetsky DS. The role of the macrophage scavenger receptor in immune stimulation by bacterial DNA and synthetic oligonucleotides. Immunology. 2001;103:226–34. PMID:11412310, http://​dx.​doi.​org/​10.​1046/​j.​1365-2567.​2001.​01222.​x.PubMedPubMedCentral

114.
Dorrington MG, Roche AM, Chauvin SE, Tu Z, Mossman KL, Weiser JN, et al. MARCO is required for TLR2- and Nod2-mediated responses to Streptococcus pneumoniae and clearance of pneumococcal colonization in the murine nasopharynx. J Immunol. 2013;190:250–8. PMID:23197261, http://​dx.​doi.​org/​10.​4049/​jimmunol.​1202113.PubMedPubMedCentral

115.
Arredouani MS, Yang Z, Imrich A, Ning Y, Qin G, Kobzik L. The macrophage scavenger receptor SR-AI/II and lung defense against pneumococci and particles. Am J Respir Cell Mol Biol. 2006;35:474–8.PubMedPubMedCentral

116.
Sun K, Metzger DW. Inhibition of pulmonary antibacterial defense by interferon-γ during recovery from influenza infection. Nature Medicine. 2008;14:558–564. doi:10.​1038/​nm1765.

117.
Mosser DM, Edwards JP. Exploring the full spectrum of macrophage activation. Nat Rev Immunol. 2008;8:958–69. PMID:19029990, http://​dx.​doi.​org/​10.​1038/​nri2448.PubMedPubMedCentral

118.
Lee KS, Scanga CA, Bachelder EM, Chen Q, Snapper CM. TLR2 synergizes with both TLR4 and TLR9 for induction of the MyD88-dependent splenic cytokine and chemokine response to Streptococcus pneumoniae. Cell Immunol. 2007;245:103–10. PMID:17521621, http://​dx.​doi.​org/​10.​1016/​j.​cellimm.​2007.​04.​003.PubMedPubMedCentral

119.
Davis KM, Nakamura S, Weiser JN. Nod2 sensing of lysozyme-digested peptidoglycan promotes macrophage recruitment and clearance of S. pneumoniae colonization in mice. J Clin Invest. 2011;121:3666–76. PMID:21841315, http://​dx.​doi.​org/​10.​1172/​JCI57761.PubMedPubMedCentral

120.
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. PMID:19168741, http://​dx.​doi.​org/​10.​1128/​IAI.​00871-08.PubMedPubMedCentral

121.
Kadioglu A, Andrew PW. The innate immune response to pneumococcal lung infection: the untold story. Trends Immunol. 2004;25:143–9. PMID:15036042, http://​dx.​doi.​org/​10.​1016/​j.​it.​2003.​12.​006.PubMed

122.
Knapp S, Hareng L, Rijneveld AW, Bresser P, van der Zee JS, Florquin S, et al. Activation of neutrophils and inhibition of the proinflammatory cytokine response by endogenous granulocyte colony-stimulating factor in murine pneumococcal pneumonia. J Infect Dis. 2004;189:1506–15. PMID:15073689, http://​dx.​doi.​org/​10.​1086/​382962.PubMed

123.
Ben-Sasson SZ, Hogg A, Hu-Li J, Wingfield P, Chen X, Crank M, et al. IL-1 enhances expansion, effector function, tissue localization, and memory response of antigen-specific CD8 T cells. J Exp Med. 2013;210:491–502. PMID:23460726, http://​dx.​doi.​org/​10.​1084/​jem.​20122006.PubMedPubMedCentral

124.
Ben-Sasson SZ, Hu-Li J, Quiel J, Cauchetaux S, Ratner M, Shapira I, et al. IL-1 acts directly on CD4 T cells to enhance their antigen-driven expansion and differentiation. Proc Natl Acad Sci U S A. 2009;106:7119–24. PMID:19359475, http://​dx.​doi.​org/​10.​1073/​pnas.​0902745106.PubMedPubMedCentral

125.
McNeela EA, Burke A, Neill DR, Baxter C, Fernandes VE, Ferreira D, et al. Pneumolysin activates the NLRP3 inflammasome and promotes proinflammatory cytokines independently of TLR4. PLoS Pathog. 2010;6:e1001191. PMID:21085613, http://​dx.​doi.​org/​10.​1371/​journal.​ppat.​1001191.PubMedPubMedCentral

126.
Witzenrath M, Pache F, Lorenz D, Koppe U, Gutbier B, Tabeling C, et al. The NLRP3 inflammasome is differentially activated by pneumolysin variants and contributes to host defense in pneumococcal pneumonia. J Immunol. 2011;187:434–40. PMID:21646297, http://​dx.​doi.​org/​10.​4049/​jimmunol.​1003143.PubMed

127.
Mitchell TJ, Andrew PW, Saunders FK, Smith AN, Boulnois GJ. Complement activation and antibody binding by pneumolysin via a region of the toxin homologous to a human acute-phase protein. Mol Microbiol. 1991;5:1883–8. PMID:1766369, http://​dx.​doi.​org/​10.​1111/​j.​1365-2958.​1991.​tb00812.​x.PubMed

128.
González-Juarbe N, Gilley RP, Hinojosa CA, Bradley KM, Kamei A, Gao G, et al. Pore-Forming Toxins Induce Macrophage Necroptosis during Acute Bacterial Pneumonia. PLoS Pathog. 2015;11:e1005337. PMID:26659062, http://​dx.​doi.​org/​10.​1371/​journal.​ppat.​1005337.PubMedPubMedCentral

129.
Bergsbaken T, Fink SL, Cookson BT. Pyroptosis: host cell death and inflammation. Nat Rev Microbiol. 2009;7:99–109. PMID:19148178, http://​dx.​doi.​org/​10.​1038/​nrmicro2070.PubMedPubMedCentral

130.
Lemon JK, Weiser JN. Degradation products of the extracellular pathogen Streptococcus pneumoniae access the cytosol via its pore-forming toxin. MBio. 2015;6. PMID:25604786, http://​dx.​doi.​org/​10.​1128/​mBio.​02110-14.

131.
Bewley MA, Naughton M, Preston J, Mitchell A, Holmes A, Marriott HM, et al. Pneumolysin activates macrophage lysosomal membrane permeabilization and executes apoptosis by distinct mechanisms without membrane pore formation. MBio. 2014;5:e01710–4. PMID:25293758, http://​dx.​doi.​org/​10.​1128/​mBio.​01710-14.PubMedPubMedCentral

132.
Littmann M, Albiger B, Frentzen A, Normark S, Henriques-Normark B, Plant L. Streptococcus pneumoniae evades human dendritic cell surveillance by pneumolysin expression. EMBO Mol Med. 2009;1:211–22. PMID:20049723, http://​dx.​doi.​org/​10.​1002/​emmm.​200900025.PubMedPubMedCentral

133.
Ratner AJ, Hippe KR, Aguilar JL, Bender MH, Nelson AL, Weiser JN. Epithelial cells are sensitive detectors of bacterial pore-forming toxins. J Biol Chem. 2006;281:12994–8. PMID:16520379, http://​dx.​doi.​org/​10.​1074/​jbc.​M511431200.PubMedPubMedCentral

134.
Ganz T. Defensins: antimicrobial peptides of innate immunity. Nat Rev Immunol. 2003;3:710–20. PMID:12949495, http://​dx.​doi.​org/​10.​1038/​nri1180.PubMed

135.
Beiter K, Wartha F, Hurwitz R, Normark S, Zychlinsky A, Henriques-Normark B. The capsule sensitizes Streptococcus pneumoniae to alpha-defensins human neutrophil proteins 1 to 3. Infect Immun. 2008;76:3710–6. PMID:18474654, http://​dx.​doi.​org/​10.​1128/​IAI.​01748-07.PubMedPubMedCentral

136.
Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS, et al. Neutrophil extracellular traps kill bacteria. Science. 2004;303:1532–5. PMID:15001782, http://​dx.​doi.​org/​10.​1126/​science.​1092385.PubMed

137.
Hirsch JG. Bactericidal action of histone. J Exp Med. 1958;108:925–44. PMID:13598820, http://​dx.​doi.​org/​10.​1084/​jem.​108.​6.​925.PubMedPubMedCentral

138.
Beiter K, Wartha F, Albiger B, Normark S, Zychlinsky A, Henriques-Normark B. An endonuclease allows Streptococcus pneumoniae to escape from neutrophil extracellular traps. Curr Biol. 2006;16:401–7. PMID:16488875, http://​dx.​doi.​org/​10.​1016/​j.​cub.​2006.​01.​056.PubMed

139.
Wartha F, Beiter K, Albiger B, Fernebro J, Zychlinsky A, Normark S, et al. Capsule and D-alanylated lipoteichoic acids protect Streptococcus pneumoniae against neutrophil extracellular traps. Cell Microbiol. 2007;9:1162–71. PMID:17217430, http://​dx.​doi.​org/​10.​1111/​j.​1462-5822.​2006.​00857.​x.PubMed

140.
Rochat T, Casale J, Hunninghake GW, Peterson MW. Neutrophil cathepsin G increases permeability of cultured type II pneumocytes. Am J Physiol. 1988;255:C603–11. PMID:3142269.PubMed

141.
Sahoo M, Del Barrio L, Miller MA, Re F. Neutrophil elastase causes tissue damage that decreases host tolerance to lung infection with burkholderia species. PLoS Pathog. 2014;10:e1004327. PMID:25166912, http://​dx.​doi.​org/​10.​1371/​journal.​ppat.​1004327.PubMedPubMedCentral

142.
Malley R, Trzcinski K, Srivastava A, Thompson CM, Anderson PW, Lipsitch M. CD4+ T cells mediate antibody-independent acquired immunity to pneumococcal colonization. Proc Natl Acad Sci U S A. 2005;102:4848–53. PMID:15781870, http://​dx.​doi.​org/​10.​1073/​pnas.​0501254102.PubMedPubMedCentral

143.
Kadioglu A, Gingles NA, Grattan K, Kerr A, Mitchell TJ, Andrew PW. Host cellular immune response to pneumococcal lung infection in mice. Infect Immun. 2000;68:492–501. PMID:10639409, http://​dx.​doi.​org/​10.​1128/​IAI.​68.​2.​492-501.​2000.PubMedPubMedCentral

144.
Kadioglu A, Coward W, Colston MJ, Hewitt CR, Andrew PW. CD4-T-lymphocyte interactions with pneumolysin and pneumococci suggest a crucial protective role in the host response to pneumococcal infection. Infect Immun. 2004;72:2689–97. PMID:15102777, http://​dx.​doi.​org/​10.​1128/​IAI.​72.​5.​2689-2697.​2004.PubMedPubMedCentral

145.
Lu YJ, Gross J, Bogaert D, Finn A, Bagrade L, Zhang Q, et al. Interleukin-17A mediates acquired immunity to pneumococcal colonization. PLoS Pathog. 2008;4:e1000159. PMID:18802458, http://​dx.​doi.​org/​10.​1371/​journal.​ppat.​1000159.PubMedPubMedCentral

146.
Zhang Z, Clarke TB, Weiser JN. Cellular effectors mediating Th17-dependent clearance of pneumococcal colonization in mice. J Clin Invest. 2009;119:1899–909. PMID:19509469.PubMedPubMedCentral

147.
Wright AK, Bangert M, Gritzfeld JF, Ferreira DM, Jambo KC, Wright AD, et al. Experimental human pneumococcal carriage augments IL-17A-dependent T-cell defence of the lung. PLoS Pathog. 2013;9:e1003274. PMID:23555269, http://​dx.​doi.​org/​10.​1371/​journal.​ppat.​1003274.PubMedPubMedCentral

148.
Khan AQ, Shen Y, Wu ZQ, Wynn TA, Snapper CM. Endogenous pro- and anti-inflammatory cytokines differentially regulate an in vivo humoral response to Streptococcus pneumoniae. Infect Immun. 2002;70:749–61. PMID:11796608, http://​dx.​doi.​org/​10.​1128/​IAI.​70.​2.​749-761.​2002.PubMedPubMedCentral

149.
Zhang Q, Bernatoniene J, Bagrade L, Paton JC, Mitchell TJ, Hammerschmidt S, et al. Regulation of production of mucosal antibody to pneumococcal protein antigens by T-cell-derived gamma interferon and interleukin-10 in children. Infect Immun. 2006;74:4735–43. PMID:16861661, http://​dx.​doi.​org/​10.​1128/​IAI.​00165-06.PubMedPubMedCentral

150.
Radin JN, Orihuela CJ, Murti G, Guglielmo C, Murray PJ, Tuomanen EI. beta-Arrestin 1 participates in platelet-activating factor receptor-mediated endocytosis of Streptococcus pneumoniae. Infect Immun. 2005;73:7827–35. PMID:16299272, http://​dx.​doi.​org/​10.​1128/​IAI.​73.​12.​7827-7835.​2005.PubMedPubMedCentral

151.
Zhang JR, Mostov KE, Lamm ME, Nanno M, Shimida S, Ohwaki M, et al. The polymeric immunoglobulin receptor translocates pneumococci across human nasopharyngeal epithelial cells. Cell. 2000;102:827–37. PMID:11030626, http://​dx.​doi.​org/​10.​1016/​S0092-8674(00)00071-4.PubMed

152.
Hyams C, Trzcinski K, Camberlein E, Weinberger DM, Chimalapati S, Noursadeghi M, et al. Streptococcus pneumoniae capsular serotype invasiveness correlates with the degree of factor H binding and opsonization with C3b/iC3b. Infect Immun. 2013;81:354–63. PMID:23147038, http://​dx.​doi.​org/​10.​1128/​IAI.​00862-12.PubMedPubMedCentral

153.
Attali C, Durmort C, Vernet T, Di Guilmi AM. The interaction of Streptococcus pneumoniae with plasmin mediates transmigration across endothelial and epithelial monolayers by intercellular junction cleavage. Infect Immun. 2008;76:5350–6. PMID:18725422, http://​dx.​doi.​org/​10.​1128/​IAI.​00184-08.PubMedPubMedCentral

154.
Beisswenger C, Coyne CB, Shchepetov M, Weiser JN. Role of p38 MAP kinase and transforming growth factor-beta signaling in transepithelial migration of invasive bacterial pathogens. J Biol Chem. 2007;282:28700–8. PMID:17650505, http://​dx.​doi.​org/​10.​1074/​jbc.​M703576200.PubMed

155.
LeMessurier KS, Häcker H, Chi L, Tuomanen E, Redecke V. Type I interferon protects against pneumococcal invasive disease by inhibiting bacterial transmigration across the lung. PLoS Pathog. 2013;9:e1003727. PMID:24244159, http://​dx.​doi.​org/​10.​1371/​journal.​ppat.​1003727.PubMedPubMedCentral

156.
Rupprecht TA, Angele B, Klein M, Heesemann J, Pfister HW, Botto M, et al. Complement C1q and C3 are critical for the innate immune response to Streptococcus pneumoniae in the central nervous system. J Immunol. 2007;178:1861–9. PMID:17237437, http://​dx.​doi.​org/​10.​4049/​jimmunol.​178.​3.​1861.PubMed

157.
Yuste J, Sen A, Truedsson L, Jönsson G, Tay LS, Hyams C, et al. Impaired opsonization with C3b and phagocytosis of Streptococcus pneumoniae in sera from subjects with defects in the classical complement pathway. Infect Immun. 2008;76:3761–70. PMID:18541650, http://​dx.​doi.​org/​10.​1128/​IAI.​00291-08.PubMedPubMedCentral

158.
Walport MJ. Complement. First of two parts N Engl J Med. 2001;344:1058–66. PMID:11287977.PubMed

159.
Mold C, Rodic-Polic B, Du Clos TW. Protection from Streptococcus pneumoniae infection by C-reactive protein and natural antibody requires complement but not Fc gamma receptors. J Immunol. 2002;168:6375–81. PMID:12055255, http://​dx.​doi.​org/​10.​4049/​jimmunol.​168.​12.​6375.PubMed

160.
Suresh MV, Singh SK, Ferguson Jr DA, Agrawal A. Role of the property of C-reactive protein to activate the classical pathway of complement in protecting mice from pneumococcal infection. J Immunol. 2006;176:4369–74. PMID:16547275, http://​dx.​doi.​org/​10.​4049/​jimmunol.​176.​7.​4369.PubMedPubMedCentral

161.
Winkelstein JA, Abramovitz AS, Tomasz A. Activation of C3 via the alternative complement pathway results in fixation of C3b to the pneumococcal cell wall. J Immunol. 1980;124:2502–6. PMID:7365262.PubMed

162.
Winkelstein JA, Tomasz A. Activation of the alternative pathway by pneumococcal cell walls. J Immunol. 1977;118:451–4. PMID:14211.PubMed

163.
Krarup A, Sørensen UB, Matsushita M, Jensenius JC, Thiel S. Effect of capsulation of opportunistic pathogenic bacteria on binding of the pattern recognition molecules mannan-binding lectin, L-ficolin, and H-ficolin. Infect Immun. 2005;73:1052–60. PMID:15664949, http://​dx.​doi.​org/​10.​1128/​IAI.​73.​2.​1052-1060.​2005.PubMedPubMedCentral

164.
Kjaer TR, Hansen AG, Sørensen UB, Holm AT, Sørensen GL, Jensenius JC, et al. M-ficolin binds selectively to the capsular polysaccharides of Streptococcus pneumoniae serotypes 19B and 19C and of a Streptococcus mitis strain. Infect Immun. 2013;81:452–9. PMID:23184524, http://​dx.​doi.​org/​10.​1128/​IAI.​01148-12.PubMedPubMedCentral

165.
Mortensen RF, Duszkiewicz JA. Mediation of CRP-dependent phagocytosis through mouse macrophage Fc-receptors. J Immunol. 1977;119:1611–6. PMID:915271.PubMed

166.
Mold C, Du Clos TW. C-reactive protein increases cytokine responses to Streptococcus pneumoniae through interactions with Fc gamma receptors. J Immunol. 2006;176:7598–604. PMID:16751406, http://​dx.​doi.​org/​10.​4049/​jimmunol.​176.​12.​7598.PubMed

167.
Gerlini A, Colomba L, Furi L, Braccini T, Manso AS, Pammolli A, et al. The role of host and microbial factors in the pathogenesis of pneumococcal bacteraemia arising from a single bacterial cell bottleneck. PLoS Pathog. 2014;10:e1004026. PMID:24651834, http://​dx.​doi.​org/​10.​1371/​journal.​ppat.​1004026.PubMedPubMedCentral

168.
Hyams C, Yuste J, Bax K, Camberlein E, Weiser JN, Brown JS. Streptococcus pneumoniae resistance to complement-mediated immunity is dependent on the capsular serotype. Infect Immun. 2010;78:716–25. PMID:19948838, http://​dx.​doi.​org/​10.​1128/​IAI.​01056-09.PubMedPubMedCentral

169.
Quin LR, Carmicle S, Dave S, Pangburn MK, Evenhuis JP, McDaniel LS. In vivo binding of complement regulator factor H by Streptococcus pneumoniae. J Infect Dis. 2005;192:1996–2003. PMID:16267773, http://​dx.​doi.​org/​10.​1086/​497605.PubMed

170.
Dieudonné-Vatran A, Krentz S, Blom AM, Meri S, Henriques-Normark B, Riesbeck K, et al. Clinical isolates of Streptococcus pneumoniae bind the complement inhibitor C4b-binding protein in a PspC allele-dependent fashion. J Immunol. 2009;182:7865–77. PMID:19494311, http://​dx.​doi.​org/​10.​4049/​jimmunol.​0802376.PubMed

171.
Kerr AR, Paterson GK, McCluskey J, Iannelli F, Oggioni MR, Pozzi G, et al. The contribution of PspC to pneumococcal virulence varies between strains and is accomplished by both complement evasion and complement-independent mechanisms. Infect Immun. 2006;74:5319–24. PMID:16926426, http://​dx.​doi.​org/​10.​1128/​IAI.​00543-06.PubMedPubMedCentral

172.
Yuste J, Khandavilli S, Ansari N, Muttardi K, Ismail L, Hyams C, et al. The effects of PspC on complement-mediated immunity to Streptococcus pneumoniae vary with strain background and capsular serotype. Infect Immun. 2010;78:283–92. PMID:19884335, http://​dx.​doi.​org/​10.​1128/​IAI.​00541-09.PubMedPubMedCentral

173.
Ochs MM, Bartlett W, Briles DE, Hicks B, Jurkuvenas A, Lau P, et al. Vaccine-induced human antibodies to PspA augment complement C3 deposition on Streptococcus pneumoniae. Microb Pathog. 2008;44:204–14. PMID:18006268, http://​dx.​doi.​org/​10.​1016/​j.​micpath.​2007.​09.​007.PubMedPubMedCentral

174.
Ren B, McCrory MA, Pass C, Bullard DC, Ballantyne CM, Xu Y, et al. The virulence function of Streptococcus pneumoniae surface protein A involves inhibition of complement activation and impairment of complement receptor-mediated protection. J Immunol. 2004;173:7506–12. PMID:15585877, http://​dx.​doi.​org/​10.​4049/​jimmunol.​173.​12.​7506.PubMed

175.
Li J, Glover DT, Szalai AJ, Hollingshead SK, Briles DE. PspA and PspC minimize immune adherence and transfer of pneumococci from erythrocytes to macrophages through their effects on complement activation. Infect Immun. 2007;75:5877–85. PMID:17923519, http://​dx.​doi.​org/​10.​1128/​IAI.​00839-07.PubMedPubMedCentral

176.
Hostetter MK. Opsonic and nonopsonic interactions of C3 with Streptococcus pneumoniae. Microb Drug Resist. 1999;5:85–9. PMID:10432269, http://​dx.​doi.​org/​10.​1089/​mdr.​1999.​5.​85.PubMed

177.
Zhang Y, Masi AW, Barniak V, Mountzouros K, Hostetter MK, Green BA. Recombinant PhpA protein, a unique histidine motif-containing protein from Streptococcus pneumoniae, protects mice against intranasal pneumococcal challenge. Infect Immun. 2001;69:3827–36. PMID:11349048, http://​dx.​doi.​org/​10.​1128/​IAI.​69.​6.​3827-3836.​2001.PubMedPubMedCentral

178.
Alcantara RB, Preheim LC, Gentry-Nielsen MJ. Pneumolysin-induced complement depletion during experimental pneumococcal bacteremia. Infect Immun. 2001;69:3569–75. PMID:11349015, http://​dx.​doi.​org/​10.​1128/​IAI.​69.​6.​3569-3575.​2001.PubMedPubMedCentral

179.
Dalia AB, Standish AJ, Weiser JN. Three surface exoglycosidases from Streptococcus pneumoniae, NanA, BgaA, and StrH, promote resistance to opsonophagocytic killing by human neutrophils. Infect Immun. 2010;78:2108–16. PMID:20160017, http://​dx.​doi.​org/​10.​1128/​IAI.​01125-09.PubMedPubMedCentral

180.
Kim SJ, Gershov D, Ma X, Brot N, Elkon KB. Opsonization of apoptotic cells and its effect on macrophage and T cell immune responses. Ann N Y Acad Sci. 2003;987:68–78. PMID:12727625, http://​dx.​doi.​org/​10.​1111/​j.​1749-6632.​2003.​tb06034.​x.PubMed

181.
Gould JM, Weiser JN. Expression of C-reactive protein in the human respiratory tract. Infect Immun. 2001;69:1747–54. PMID:11179352, http://​dx.​doi.​org/​10.​1128/​IAI.​69.​3.​1747-1754.​2001.PubMedPubMedCentral

182.
Mukerji R, Mirza S, Roche AM, Widener RW, Croney CM, Rhee DK, et al. Pneumococcal surface protein A inhibits complement deposition on the pneumococcal surface by competing with the binding of C-reactive protein to cell-surface phosphocholine. J Immunol. 2012;189:5327–35. PMID:23105137, http://​dx.​doi.​org/​10.​4049/​jimmunol.​1201967.PubMedPubMedCentral

183.
Ramos-Sevillano E, Urzainqui A, Campuzano S, Moscoso M, González-Camacho F, Domenech M, et al. Pleiotropic effects of cell wall amidase LytA on Streptococcus pneumoniae sensitivity to the host immune response. Infect Immun. 2015;83:591–603. PMID:25404032, http://​dx.​doi.​org/​10.​1128/​IAI.​02811-14.PubMedPubMedCentral

184.
O’Brien KL, Wolfson LJ, Watt JP, Henkle E, Deloria-Knoll M, McCall N, et al. Hib and Pneumococcal Global Burden of Disease Study Team. Burden of disease caused by Streptococcus pneumoniae in children younger than 5 years: global estimates. Lancet. 2009;374:893–902. PMID:19748398, http://​dx.​doi.​org/​10.​1016/​S0140-6736(09)61204-6.PubMed

185.
Ring A, Weiser JN, Tuomanen EI. Pneumococcal trafficking across the blood-brain barrier. Molecular analysis of a novel bidirectional pathway. J Clin Invest. 1998;102:347–60. PMID:9664076, http://​dx.​doi.​org/​10.​1172/​JCI2406.PubMedPubMedCentral

186.
Iovino F, Molema G, Bijlsma JJ. Streptococcus pneumoniae Interacts with pIgR expressed by the brain microvascular endothelium but does not co-localize with PAF receptor. PLoS ONE. 2014;9:e97914. PMID:24841255, http://​dx.​doi.​org/​10.​1371/​journal.​pone.​0097914.PubMedPubMedCentral

187.
Eberhard T, Kronvall G, Ullberg M. Surface bound plasmin promotes migration of Streptococcus pneumoniae through reconstituted basement membranes. Microb Pathog. 1999;26:175–81. PMID:10089158, http://​dx.​doi.​org/​10.​1006/​mpat.​1998.​0262.PubMed

188.
Winkler F, Kastenbauer S, Koedel U, Pfister HW. Role of the urokinase plasminogen activator system in patients with bacterial meningitis. Neurology. 2002;59:1350–5. PMID:12427882, http://​dx.​doi.​org/​10.​1212/​01.​WNL.​0000031427.​81898.​96.PubMed

189.
Kostyukova NN, Volkova MO, Ivanova VV, Kvetnaya AS. A study of pathogenic factors of Streptococcus pneumoniae strains causing meningitis. FEMS Immunol Med Microbiol. 1995;10:133–7. PMID:7719281, http://​dx.​doi.​org/​10.​1111/​j.​1574-695X.​1995.​tb00022.​x.PubMed

190.
Rake G. The Rapid Invasion of the Body through the Olfactory Mucosa. J Exp Med. 1937;65:303–15. PMID:19870602, http://​dx.​doi.​org/​10.​1084/​jem.​65.​2.​303.PubMedPubMedCentral

191.
Quagliarello VJ, Long WJ, Scheld WM. Morphologic alterations of the blood-brain barrier with experimental meningitis in the rat. Temporal sequence and role of encapsulation. J Clin Invest. 1986;77:1084–95. PMID:3514671, http://​dx.​doi.​org/​10.​1172/​JCI112407.PubMedPubMedCentral

192.
Zysk G, Schneider-Wald BK, Hwang JH, Bejo L, Kim KS, Mitchell TJ, et al. Pneumolysin is the main inducer of cytotoxicity to brain microvascular endothelial cells caused by Streptococcus pneumoniae. Infect Immun. 2001;69:845–52. PMID:11159977, http://​dx.​doi.​org/​10.​1128/​IAI.​69.​2.​845-852.​2001.PubMedPubMedCentral

193.
Freyer D, Manz R, Ziegenhorn A, Weih M, Angstwurm K, Döcke WD, et al. Cerebral endothelial cells release TNF-alpha after stimulation with cell walls of Streptococcus pneumoniae and regulate inducible nitric oxide synthase and ICAM-1 expression via autocrine loops. J Immunol. 1999;163:4308–14. PMID:10510370.PubMed

194.
Tuomanen E, Liu H, Hengstler B, Zak O, Tomasz A. The induction of meningeal inflammation by components of the pneumococcal cell wall. J Infect Dis. 1985;151:859–68. PMID:3989321, http://​dx.​doi.​org/​10.​1093/​infdis/​151.​5.​859.PubMed

195.
Braun JS, Sublett JE, Freyer D, Mitchell TJ, Cleveland JL, Tuomanen EI, et al. Pneumococcal pneumolysin and H(2)O(2) mediate brain cell apoptosis during meningitis. J Clin Invest. 2002;109:19–27. PMID:11781347, http://​dx.​doi.​org/​10.​1172/​JCI12035.PubMedPubMedCentral

196.
Mitchell L, Smith SH, Braun JS, Herzog KH, Weber JR, Tuomanen EI. Dual phases of apoptosis in pneumococcal meningitis. J Infect Dis. 2004;190:2039–46. PMID:15529270, http://​dx.​doi.​org/​10.​1086/​425520.PubMed

197.
Trostdorf F, Brück W, Schmitz-Salue M, Stuertz K, Hopkins SJ, van Rooijen N, et al. Reduction of meningeal macrophages does not decrease migration of granulocytes into the CSF and brain parenchyma in experimental pneumococcal meningitis. J Neuroimmunol. 1999;99:205–10. PMID:10505976, http://​dx.​doi.​org/​10.​1016/​S0165-5728(99)00121-6.PubMed

198.
Nau R, Brück W. Neuronal injury in bacterial meningitis: mechanisms and implications for therapy. Trends Neurosci. 2002;25:38–45. PMID:11801337, http://​dx.​doi.​org/​10.​1016/​S0166-2236(00)02024-5.PubMed

199.
Janeway C. Immunobiology: the immune system in health and disease. 6th ed. 2005.

200.
Brown AO, Mann B, Gao G, Hankins JS, Humann J, Giardina J, et al. Streptococcus pneumoniae translocates into the myocardium and forms unique microlesions that disrupt cardiac function. PLoS Pathog. 2014;10:e1004383. PMID:25232870, http://​dx.​doi.​org/​10.​1371/​journal.​ppat.​1004383.PubMedPubMedCentral

201.
Fillon S, Soulis K, Rajasekaran S, Benedict-Hamilton H, Radin JN, Orihuela CJ, et al. Platelet-activating factor receptor and innate immunity: uptake of gram-positive bacterial cell wall into host cells and cell-specific pathophysiology. J Immunol. 2006;177:6182–91. PMID:17056547, http://​dx.​doi.​org/​10.​4049/​jimmunol.​177.​9.​6182.PubMed

202.
Alhamdi Y, Neill DR, Abrams ST, Malak HA, Yahya R, Barrett-Jolley R, et al. Circulating Pneumolysin Is a Potent Inducer of Cardiac Injury during Pneumococcal Infection. PLoS Pathog. 2015;11, e1004836. PMID:25973949, http://​dx.​doi.​org/​10.​1371/​journal.​ppat.​1004836.PubMedPubMedCentral

203.
Corrales-Medina VF, Musher DM, Wells GA, Chirinos JA, Chen L, Fine MJ. Cardiac complications in patients with community-acquired pneumonia: incidence, timing, risk factors, and association with short-term mortality. Circulation. 2012;125:773–81. PMID:22219349, http://​dx.​doi.​org/​10.​1161/​CIRCULATIONAHA.​111.​040766.PubMed

204.
Corrales-Medina VF, Serpa J, Rueda AM, Giordano TP, Bozkurt B, Madjid M, et al. Acute bacterial pneumonia is associated with the occurrence of acute coronary syndromes. Medicine (Baltimore). 2009;88:154–9. PMID:19440118, http://​dx.​doi.​org/​10.​1097/​MD.​0b013e3181a692f0​.




OEBPS/sidebar.gif





OEBPS/A41479_2016_7_Fig1_HTML.gif
Respiratory Mucosa

8rain

Pneumocaccal Anti-Peumococcal
Virulence Factors Host Immune Response
MucociaryClearance
Capuie, Catonic AMPs,
ol Wall Techoie Acds et
PrtA mutation, PspA. Lysozymes.
Pl Ade o~
\0A protesse Epithelal cells:
Adhesins:Coph,ChoP, PP S,
'MSCRAMMs: Pil, P, PavB. st ey
CAZymes: NanA, BgaA, StrH, Hyl Complement System
Capuule, Coph, Piph, ] Complement CRescive Proten ()
PhoA A LyA | andcRP ‘Aveolar Macrophages
‘cazymes nhibiors Dendrtic s
Preumolsin P, Loeaar it
np,‘s’a‘r)w] Ot Neutrophil Extracehlr Traps (NETs)
couTeals
Endonuclease (EndA] nn kLAl
‘Serotype-Specific Antibodies
oS e Reptor e
Plasminogen, Cll wal, Py, H,0, (SpXB) Endotheliom Barrier
Complementysem,
Capae, Coph, PipA, 1 Complemert Grescve protens (9,
PhpA, PspA, LytA, and CRP Monocytes/ Macrophages
CAZymes inhibitors Neutrophils
preumalysn ), | ¢yt couT cals
0, (5oa8) ] T & THY7 cells

Serotype Spedifc Antibodies

ChoP- PAFR nteracton

CoprAR/pgR intzracton Blood- Brain Barier
Pasminogen, P, iy
Parenchymal icrogls,
vy Meringeslmacrophages
Preumolysi (Py) Perasular macephages

0, (5pa8) ]wm

Neutrophils






OEBPS/contact.gif





