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Pathogenesis, treatment, and prevention of pneumococcal

pneumonia

Tomvan der Poll, Steven M Opal

Pneumococcus remains the most common

cause

of community-acquired pneumonia worldwide.

Streptococcus pneumoniae is well adapted to people, and is a frequent inhabitant of the upper airways in healthy hosts.
This seemingly innocuous state of colonisation is a dynamic and competitive process in which the pathogen attempts
to engage the host, proliferate, and invade the lower airways. The host in turn continuously deploys an array of innate
and acquired cellular and humoral defences to prevent pneumococci from breaching tissue barriers. Discoveries into
essential molecular mechanisms used by pneumococci to evade host-sensing systems that are designed to contain the
pathogen provide new insights into potential treatment options. Versatility of the genome of pneumococci and the
bacteria’s polygenic virulence capabilities show that a multifaceted approach with many vaccine antigens, antibiotic
combinations, and immunoadjuvant therapies will be needed to control this microbe.

Introduction

Nearly a century ago, Sir William Osler proclaimed
Streptococcus pneumonige (or pneumococcus) as “the
captain of all the men of death”.! This statement remains
as true today as it was then. Severe community-acquired
pneumonia is the most common cause of death from
infection in developed countries, and the pneumococcus
is the most frequent cause of lower respiratory tract
infection. We can now control many other respiratory
pathogens of man reasonably well (eg, influenza,
pertussis, tuberculosis, and Haemophilus influenzae), yet
pneumococcus remains the main cause of community-
acquired pneumonia worldwide."

Reasons for the success of this obligate human
pathogen are becoming increasingly apparent as the
basic pathogenic mechanisms of pneumococcal
pneumonia are discovered. This pathogen causes at least
1-2 million infant deaths every year worldwide.”” The
yearly death toll attributable to pneumococci in patients
with AIDS and other immunocompromised states,
elderly people, and those with comorbid illnesses is
difficult to quantify, but probably exceeds the infant
mortality rate.

Advances in comparative genomics and insights into
innate and acquired immune-signalling mechanisms
could provide new treatment options for pneumococcal
disease.”® We focus on the clinical outcomes after the
initial host—pathogen interaction when S pneumoniae
first reaches the airways and invades the lower
respiratory tract.

Epidemiology

S pneumoniae is a common inhabitant of the upper
respiratory tract, existing mainly as a commensal
bacterium along with other co-resident microorganisms
identified on the respiratory epithelium. After
colonisation by one of 91 presently recognised serotypes,
a new strain eliminates other competing pneumococcal
serotypes, and persists for weeks (in adults) or months
(in children), usually without any adverse sequelae. This
carrier state maintains the organism within human
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populations, and induces some acquired B-cell-mediated
immunity to reinfection.**

Genetic and epidemiological evidence show that one of
two survival strategies account for the success of
S pneumoniae. Specific clones are selected with either an
invasive pneumococcal disease phenotype or a persistent
colonisation phenotype with low risk of tissue invasion.
Success of the phenotype of invasive pneumococcal
disease depends on its capacity for rapid disease induction
and efficient person-to-person spread by coughing. By
contrast, the non-invasive phenotype uses various surface
adhesins, immune evasion strategies, and secretory
defences such as IgAl protease and inhibitors of
antibacterial peptides to help with long-term carriage
within the nasopharynx.’ Persistent carriage of
pneumococci allows for low-level and longlasting
transmission, thereby retaining non-invasive strains in
human populations. Defects in host defences can alter
this host—pathogen interaction and allow strains of low
virulence to invade the immunocompromised host.””

The pneumococcus is mainly transmitted by direct
contact with contaminated respiratory secretions between
household members, infants, and children. Pneumococci
are generally not regarded as highly contagious, and
respiratory isolation of patients who are infected in the
community or hospital settings is rarely indicated.
However, a large, community-wide outbreak of serotype 5
pneumococci in Vancouver, Canada,’ showed that
potential exists for epidemic spread of S pneumoniae

Search strategy and selection criteria

We searched Medline and PubMed in English with the search
terms “pneumococci”, “Streptococcus pneumoniae”,
“pneumococcal pneumonia”, “community acquired
pneumonia”, and “pneumococcal pathogenesis” for reports
relating to pneumococcal pneumonia published in the past
10 years until January, 2009. We reviewed the publications
and searched the reference lists of identified articles for older

reports we judged to be of major importance.
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Figure 1: Incidence of pneumococcal disease in children in the USA before and after introduction of the

PCV-7 vaccine

PCV-7=conjugate seven-valent pneumococcal vaccine. Reprinted with permission.”
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within urban neighbourhoods. Similar small-scale
outbreaks have been reported in day-care centres, jails,
military bases, and men’s shelters."” " Airway colonisation
by pneumococci is readily detectable in about 10% of
healthy adults. 20-40% of healthy children are carriers,
and more than 60% of infants and children in day-care
settings can be carriers.*®

Most people colonised with S pneumoniae have only
one serotype at a time, although simultaneous carriage
of more than one serotype is possible.” Duration of
pneumococcal colonisation in an individual is highly
serotype-specific. Recent acquisition of an invasive
serotype is more important as a determinant of
subsequent risk of invasive pneumococcal disease than
is duration of colonisation or specific clonal genotype.®
Results of studies of the conjugate seven-valent
pneumococcal vaccine in children suggest that the
humoral immune response can reduce risk of
serotype-specific disease, decrease likelihood of
transmission in vaccine recipients, and even reduce
transmission risk between non-immunised siblings and
adults (ie, herd immunity).**

Incidence of invasive pneumococcal disease
(ie, bacterial pneumonia and bacteraemia) varies sub-
stantially by age, genetic background, socioeconomic
status, immune status, and geographical location. In a
large US epidemiological survey in 1999, overall
incidence in children older than 5 years was 98-7 per
100000 per year. By 2005, the same survey showed that
incidence had reduced by 75% to 23-4 per 100000 per
year. This change was largely attributable to reduced
rates of infection with serotypes contained in the
pneumococcal conjugate vaccine” (figure 1). This

decreased overall incidence was accompanied by a small
rise in invasive pneumococcal disease from non-vaccine
serotypes.” This pattern seems to be continuing and has
prompted a renewed interest in other vaccine
formulations. Incidence rates can be as high as 441 cases
per 100000 per year in isolated Indigenous populations
such as Alaskan Eskimos, Aboriginal Australians, and
the Maoris of New Zealand.”

Other recognised risk factors for invasive pneumo-
coccal disease in children and adults include asplenia,
alcoholism, diabetes mellitus, age greater than 65 years,
underlying lung disease, severe liver disease, influenza
and probably other respiratory viruses, immunoglobulin
and complement deficiencies, and other immuno-
compromised states, including HIV infection. Crowding,
recent acquisition of a virulent strain, poverty, cigarette
smoking, proton pump inhibitors,® and other risk
factors probably contribute to pneumococcal disease
(panel).** Antecedent respiratory infections and recent
exposure to antibiotics seem to be additional risk factors
for colonisation of airways and invasive pneumococcal
disease. Antibiotic-induced alterations in competing
inhibitory bacteria (a-haemolytic streptococci in
particular), release of viral enzymes (eg, influenza
neuraminidase) that promote adherence,’ and host
inflammation-induced expression of pneumococcal
invasion receptors on hostcells, such as platelet-activating
factor receptor” and CD14,” contribute to pneumococcal
colonisation and invasion.

Genetics and virulence of S pneumoniae
Knowledge of genomes of many invasive and
non-invasive strains of S pneumoniae enable detailed
comparative analyses.”” The pneumococcal genome
has between 2 million and 2-1 million basepairs,
dependent on strain virulence (figure 2). It is a covalently
closed, circular DNA structure often accompanied by
small cryptic plasmids. The guanine—cytosine content of
S pneumoniae DNA (39-7%) is lower than that of many
other bacterial pathogens. One of the original
pneumococcal genomes to be sequenced, strain TIGR4,%
has 2236 open reading frames of which two-thirds have
assigned roles for their predicted gene products. Another
16% of open reading frames generate conserved,
hypothetical proteins of unknown function. About
20% exist only in S pneumoniae.”

The genome contains a core set of 1553 genes that are
essential for viability.** An additional 154 genes form the
complement of bacterial genes that collectively contribute
to virulence (the virulome), and 176 genes actively
maintain a non-invasive phenotype. Pneumococci have
an unusually large number of insertion sequences,
accounting for up to 5% of the entire genome. Some
strains contain conjugative transposons within their
genomes that mediate antibiotic resistance. Much
plasticity exists within the S pneumoniae genome, with up
to 10% variation between strains. The genome is replete
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Panel: Risk factors for pneumococcal pneumonia and
invasive pneumococcal disease

Definite risk factors* (high risk)

+ Younger than 2 years or older than 65 years

+ Asplenia or hyposplenia

+  Alcoholism

+ Diabetes mellitus

+ Antecedent influenza

» Defects in humoral immunity (complement or
immunoglobulin)

+ HIVinfection

+ Recent acquisition of a new virulent strain

Probable risk factorst (moderate risk)

+ Genetic polymorphisms (eg, complement, MBL, IRAK-4,
Mal, MyD88)

+ Isolated populations

+ Poverty, crowding, low pneumococcal vaccine use

+ Cigarette smoking

+ Chroniclung disease

+ Severe liver disease

+ Otherantecedent viral infections

+  Poor mucociliary function

Possible risk factorss (low risk)

+ Recent exposure to antibiotics

+ Defects in cellular immunity and neutrophil defects

+ Diminished cough reflex, aspiration pneumonitis

+ Proton-pump inhibitors and other gastric-acid inhibitors
+ Large organism burden in upper airways

+ Childhood day care

MBL=mannose binding lectin. IRAK=interleukin | receptor associated kinase.
Mal=Myeloid differentiation primary response factor 88 adaptor like. *Many clinical
studies. TSome clinical and laboratory studies. tFew clinical studies.

with many copies of direct-repeat DNA elements that
provide recombination hotspots for genetic variability.”
Pneumococci express the most diverse array of
substrate transport, and use systems known to human
pathogens.?* Specific ATP-binding cassette transporters
import carbon or aminoacid substrates and export outer
surface adhesins, degradation enzymes, or capsular
synthetic components. These transporters are also
essential for genetic competence (ability to take up
homologous strands of naked DNA), for nutrient
acquisition, and as efflux pumps to resist antibiotics.”
Pneumococci have much genetic space for capsular
polysaccharide synthesis—the most important virulence
factor for this organism.’ Phase variation arises with
molecular switches at promoter regions of open reading
frames for major surface antigens.” Pneumococci
regulate the amount of capsular material produced
during colonisation and invasion. Transparent (thin)
capsules are favoured in early colonisation, whereas
opaque (thick) capsules are favoured during invasion to
resist complement-mediated opsonophagocytosis.*
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Figure 2: Genomic structure of Streptococcus pneumoniae TIGR4

RDs=regions of diversity. G-C skew=difference in guanine (G)-cytosine (C) ratio from G-C average of pneumococcal

genome. IS=insertion sequence elements. Adapted from Tettelin, et al” with permission from the AAAS.

Pneumococci cluster virulence genes into small
defined sequences within the genome known as regions
of diversity. These regions distinguish invasive from
non-invasive strains. At least 13 such regions are identi-
fied in pneumococci, many of which carry the genetic
signatures of pathogenicity islands.** Non-virulent
strains exist even within the same capsular serotype
that contain some but not all elements of the entire
pneumococcal virulome.*”* Pneumococci have an
array of two-component sensor-kinase signal systems
that recognise environmental cues (eg, cell density,
substrate availability, and microbial competitors) and
alter their genetic programmes in response. These
systems direct the synthesis of bactericins® (bacterial
peptides that kill other related bacteria), competence
genes for genetic recombination, biofilm formation,*
and virulence expression.”* Pneumococcal virulence
has been acquired by horizontal transmission from
other pathogens during the evolutionary past.*
Evidence of continuing evolution through the acquisi-
tion of new antibiotic resistance genes and virulence
traits is shown in pneumococci and other gram-positive
bacterial pathogens, such as group A streptococci,®
Staphylococcus aureus, and Clostridium difficile.”

Pneumococcal virulence factors

Table 1 shows a summary of virulence traits identified in
pneumococci.®* An array of virulence factors needs to
be expressed in a coordinated way for tissue invasion to
be successful (phenotype for invasive pneumococcal
disease). The most important virulence determinants
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Mechanism of action Level of
evidence*
Polysaccharide capsule®*2#2 Prevents mucosal clearance, antiphagocytic, sterically inhibits complement and 4+
immunoglobulin-binding to host receptors
Pneumolysin’* Cytolytic, TLR4 ligand, induces ciliostasis, impairs respiratory burst, activates complement, 3+
cytokine, chemokine production
Pneumococcal surface protein A* Blocks C3b binding to factor B, binds to epithelial membranes 2+
Pneumococcal surface protein C; also known as Binds factor H and blocks C3b fixation, binds to human polymeric immunoglobulin 2+
choline binding protein A%+ receptor during invasion
Cell wall polysaccharide® Activates complement, pro-inflammatory 1+
Pneumococcal surface antigen A>?? Mediates metal ion uptake (zinc and manganese), protects against oxidant stress, binds 1-2+
to GlcNac-Gal
Lipoteichoic acid* Binds to PAFR, TLR2 ligand, proinflammatory 2+
Autolysin® Releases peptidoglycan, teichoic acid, pneumolysin other intracellular contents 2+
Hyaluronate lyase® Degrades hyaluronan in the extracellular matrix 1+
Enolase® Binds to fibronectin in host tissues 1+
Sortase A* Links surface proteins to cell wall 1+
Pili#” Pili on cell surface inhibits phagocytosis, promotes invasion 1+
Pneumococcal adhesion and virulence* Binds to plasminogen within host tissues 1+
Pneumococcal iron acquisition A and iron uptake A°  ABC transporters that acquire iron for bacterial growth and virulence 1+
Bacteriocin® Inhibits bacterial competition, might have other cytotoxic actions 2+
Neuraminidase* Contributes to adherence, removes 1+
sialic acids on host glycopeptides and mucin to expose binding sites
Biofilm and competence® Biofilm organisms upregulate CSP; competence genes contribute to pneumonia and 2+
meningitis
IgA protease® Degrades human IgA1 1-2+
Phosphorylcholine* Binds to PAFR on human epithelial cells 2+
Pneumococcal serine-rich repeat protein® Surface adhesion, binds to platelet surface and promotes tissue invasion 2+
Pneumococcal choline binding protein A% Low manganese-induced protein, unknown function but important in lungs and blood 1-2+
1+=one or few animal studies. 2+=some evidence from several animal studies. 3+=confirmed in several animal studies. 4+=confirmed in people. TLR=toll-like receptor.
(C3b=complement component 3b. GlcNac-Gal=N-acetylglucosamine-beta-(1-4)-galactose disaccharide. ABC=ATP-binding cassette. CSP=competence-stimulating peptide.
PAFR=platelet-activating factor receptor.
Table 1: Known virulence factors in Streptococcus pneumoniae infection

include the antiphagocytic and adherence properties of
capsular polysaccharides, adherence factors, invasion
genes, iron and other heavy-metal transporters, oxidative
stress protection, host-defence evasion, pneumolysin
production, bacteriocin production, and quorum sensing
and biofilm formation (figure 3).>**

Virulence expression varies with tissue site and
population density. Sessile pneumococci residing inside
biofilms are more able to induce meningitis and
pneumonia but have less capacity to disseminate in blood
than do those unattached and not inside biofilms. By
contrast, free-living, unattached (or planktonic) bacteria
are more likely to induce bacteraemic infection, but are
less successful in causing pneumonia.” Many virulence
factors probably contribute to invasive pneumococcal
disease in people, but unequivocal evidence exists only
for pneumococcal capsules—the target of present vaccine
formulations.

Pneumococcal capsular antigen is the most important
virulence determinant for pneumococci in experimental
and clinical studies.”® The capsule is crucial during
colonisation, invasion, and dissemination from the

respiratory tract. It prevents mechanical clearance by
mucous secretion® and helps with transit of the
organism to the epithelial surface. Capsular
polysaccharide is highly negatively charged and sterically
inhibits the interaction between phagocytic CR3
receptors to iC3b, and between Fcy receptors to the Fc
component of IgG fixed to pneumococci.*®* Pneumo-
coccal capsules also restrict autolysis and reduce
exposure to several antibiotics.*’

Pneumococcal exotoxin-pneumolysin is expressed by
almost all invasive strains of S pneumoniae. This
pore-forming cytotoxin is released during autolysis as a
soluble monomer that oligomerises on host membranes.
Pneumolysin is lytic to host cells if sufficient amounts of
it are generated. The toxin has many other pathological
effects, including its ability to inhibit ciliary action of
epithelial cells, activate CD4+ T cells, impair respiratory
burst of phagocytic cells, induce production of
chemokines and cytokines, stimulate complement
fixation, and activate inflammation.”® Pneumolysin-
negative mutants of S pneumoniae are much less likely to
produce lethal pulmonary infections than are wild-type
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pneumococci.”® Figures 3 and 4 show the role of this
toxin and other virulence factors during invasion.

Mechanisms of host recognition
Pattern-recognition receptors are key components of the
innate immune system.” They recognise conserved
motifs expressed by pathogens that are referred to as
pathogen-associated molecular patterns. Several of these
receptors contribute to initiation of an effective, innate
immune response to the pneumococcus (figure 4).
C-reactive protein, an acute-phase protein, functions as a
pattern-recognition receptor for S pneumoniae. It binds
phosphorylcholine in the pneumococcal cell wall and
activates complement.” In animal models,” human
C-reactive protein protects against lethal infection with
S pneumoniae infection, and in man probably contributes
to host defence during bacteraemic pneumonia.

S pneumoniae uses the host-derived receptor for
platelet-activating factor to cross from lung tissue into
blood. This receptor recognises the phosphorylcholine
determinant of its natural human ligand—platelet-
activating factor. Pneumococci express phosphorylcholine
in their cell wall that binds to this receptor, initiating
bacterial uptake.”* In mice deficient in this receptor,
pneumococcal growth is impaired, bloodstream invasion
is reduced, and survival is improved.”* The dendritic
cell-specific intercellular adhesion molecule (ICAM-3-
grabbing  nonintegrin ~ [DC-SIGN]  homologue
SIGN-related 1 [SIGNR1)) is a C-type lectin implicated in
capture of capsular polysaccharides from S pneumoniae
by marginal-zone macrophages.” Although SIGNR1 is
not usually expressed by alveolar macrophages,
SIGNRI1-/- mice are highly susceptible to pneumococcal
infection and do not clear S pneumoniae from their lungs
or blood.” SIGNR1 probably restricts bacterial growth
during pneumococcal pneumonia with presentation of
pneumococcal antigens to B cells by SIGNR1 on
marginal-zone splenic macrophages. Antiphosphoryl-
choline IgM antibodies resulting from this presentation
assist in clearance of pneumococci from the lung.”**

Macrophage receptor with collagenous structure
(MARCO) is a class A scavenger receptor expressed on
alveolar macrophages that is able to bind and internalise
S pneumoniae in vitro. MARCO-/- mice have a greatly
reduced resistance against pneumococcal pneumonia,
with accelerated growth of pneumococci and increased
mortality.” Toll-like receptors (TLRs) have a central role as
pattern-recognition receptors in initiation of cellular innate
immune responses because they can detect many microbial
pathogens at either the cell surface or in lysosomes and
endosomes.™" TLR2 is generally thought to be the most
important pattern-recognition receptor for gram-positive
pathogens (ie, peptidoglycan, lipoteichoic acid, and
bacterial lipopeptides), but its importance for pneumococci
is not fully understood. S pneumoniae cell-wall components
are recognised by TLR2,* but TLR4 is the receptor for the
proinflammatory effects of pneumolysin.® Unexpectedly,
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Figure 3: Virulence factors of pneumococcus

PsaA=pneumococcal surface antigen A. PiaA/PiuA=pneumococcal iron acquisition and uptake.
PsrP=pneumococcal serine-rich repeat protein. NanA=neuraminidase. Eno=enolase. PavA=pneumococcal
adhesion and virulence. LytA=autolysin. StrA=sortase A. Hyl=hyluronate lyase. LTA=lipoteichoic acid.

PspC=pneumococcal surface protein C. PspA=pneumococcal surface protein A. Cps=polysaccharide capsule.

PAF=platelet-activating factor.

when many different types of TLR-deficient mice were
studied to investigate which of these receptors was most
essential to detect and defend against pneumococci, only
TLR9-/- mice were highly susceptible to lethal infection.
TLRY detects bacterial DNA and seems to be essential
for effective phagocytosis and killing of pneumococci by
lung macrophages.®

Intracellular signalling elements of the TLR system are
essential for defence against pneumococcal pneumonia
in experimental systems. Mice deficient in the common
TLR-adaptor protein myeloid-differentiation primary-
response protein 88 (MyD88) are very susceptible to
pneumococcal pneumonia, probably in part as a result of
impaired innate immune activation by interleukin 1 and
interleukin 18.°7 The clinical relevance of these findings
accords with the discovery of children with a genetic
deficiency for MyD88 or interleukin 1 receptor-associated
kinase 4 (IRAK4), a kinase acting directly downstream
from MyD88, who are especially susceptible to invasive
pneumococcal disease.”” Additionally, a single nucleotide
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Figure 4: Pattern-recognition signalling receptors and pathways in pneumococcal infection

S pneumoniae is recognised as a pathogen in the lung by several toll-like receptors (TLRs), including TLR2 (with
pneumococcal lipoteichoic acid [LTA] as its major ligand), TLR4 (recognises pneumolysin), and TLR9 (within
endosomes; interacts with bacterial DNA). Macrophage receptor with collagenous structure (MARCO) expressed
by alveolar macrophages contributes to innate immune response in lungs. PAFR is shown as a pattern-recognition
receptor because it recognises pneumococcal phosphorylcholine and LTA, thereby contributing to tissue invasion.
(Soluble) cluster-determining (CD) 14 probably further helps S pneumoniae invade from the airways into blood.
Within cytoplasm, the muramyl dipeptide component of pneumococcal peptidoglycan (MDP-PG) is recognised by
nucleotide-binding oligomerisation domain (NOD-2) and can activate host defence and inflammation.
ChoP=phosphorylcholine. PAFR=platelet-activating factor receptor. TIR=toll-interleukin-1 receptor domain.
MyD88=myeloid differentiation primary response protein-88. NFkB=nuclear factor kB. IkB=inhibitor kB.
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polymorphism in the TLR-adaptor-protein Mal affects
host defence against S pneumoniae in people.”* CD14 is
another crucially important pattern-recognition receptor.”
CD14-/- mice are strongly protected against dissemination
of S pneumoniae from the respiratory tract,” suggesting
that pneumococci specifically use CD14 in the
bronchoalveolar compartment to spread.

Pneumococci are slowly killed inside phagolysosomes,
especially if poorly opsonised,” and this process might
provide an opportunity for viable organisms or their
bacterial products to escape from early phagosomes and
invade the cytosol. Within the intracellular space,
pneumococci can be recognised by various cytoplasmic
pattern-recognition receptors. Nucleotide-binding oligo-
merisation domain protein (NOD2) recognises muramyl
dipeptide, a common fragment of bacterial peptido-
glycan, in the cytosol.*”* Additionally, bacterial infection
leads to activation of caspase-1 by a protein complex
called inflammasome.” Inflammasome regulates activity
of caspase-1, an enzyme responsible for secretion of
three major host-defence cytokines—interleukin 18,
interleukin 18, and interleukin 33. However, caspase-1-/-
mice seem to tolerate pneumococcal pneumonia.®
Thus, the clinical implications of NOD2 and
inflammasomes in pneumococcal infections in people
remain unclear.

Immunology

Respiratory epithelial cells not only provide the mucociliary
carpet to continually remove potential pathogens from the
lower airways, but also actively respond to the presence of
pathogens. Respiratory epithelium releases various
mediators such as cytokines, chemokines, and anti-
microbial peptides (eg, lysozyme, defensins, and
cathelicidins), contributing to innate immunity against
pneumococci.”* Transgenic mice that overexpress nuclear
factor inhibitor kB-a (IkB-a) and block nuclear factor kB
(NFkB) nuclear translocation within epithelial cells have a
reduced ability to clear pneumococci from the airways.”
Alveolar lining cells produce a pneumococcal-binding
protein known as surfactant protein-D (SP-D). Mice
deficient in this surfactant protein have a decreased
capacity for clearance of pneumococci and are prone to
disseminated infection.®

Alveolar macrophages represent the first phagocytic
defence in the lungs and can phagocytise and kill low
numbers of pneumococci.”® When large numbers of
pneumococci are introduced into the lower airways,
neutrophils are recruited and they become the main
phagocytic cells in the acutely inflamed lung. Alveolar
macrophages are then relegated to clearing apoptotic
neutrophils.® They also undergo apoptosis during
pneumococcal pneumonia—macrophage apoptosis
helps with killing of phagocytised S pneumoniae® and
keeps pneumococcal invasion into the bloodstream to
a minimum.**

Neutrophils predominate within cellular infiltrates in
pneumococcal pneumonia. The conventional notion of
neutrophil migration with selectin-mediated rolling and
2-integrin-mediated tight adhesion to the endothelium
does mnot apply to pneumococcal pneumonia.*
B2-integrin-deficient mice show normal neutrophil
trafficking into lung tissue after infection with
S pneumoniae.* Another host-derived, soluble adhesion
molecule known as galectin-3 has been implicated as a
major neutrophil recruitment signal in pneumococcal
pneumonia.® Galectin-3-/- mice with S pneumoniae have
accelerated lung infection, with early disseminated
disease.” Additionally, galectin-3 augments neutrophil
phagocytosis and exerts bacteriostatic effects on
S pneumoniae.

a chemokines also promote an influx of neutrophils
into lung tissue during pneumococcal pneumonia,®
whereas reactive oxygen species derived from
nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase restrict neutrophil reflux.* Moreover, pneumo-
cocci produce chemotactic factors such as N-formyl-
methionyl-leucyl-phenylalanine and pneumolysin that
help with neutrophil recruitment.®** The net effect to a
host of neutrophil influx in pneumococcal pneumonia
can be good or bad, dependent on the virulence of the
pathogen. Antineutrophil antibody treatment resulted in
widespread infection and increased mortality with
serotype 3 pneumococci.” Depletion of neutrophils
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Figure 5: Major pathological events in invasive pneumococcal pneumonia

(A) Pneumococci that enter lower airways are recognised by pattern-recognition receptors, including toll-like receptors (TLRs; on epithelial cells and alveolar macrophages) and macrophage receptor
with collagenous structure (MARCO; on alveolar macrophages). At low infectious doses, epithelial cells and alveolar macrophages can clear S pneumoniae without help from recruited neutrophils, in
part by release of protective inflammatory mediators such as interleukin 1 (IL 1), tumour necrosis factor o (TNF a), interleukin 18 (IL 18), complement products (C'), surfactant protein-D (SP-D), and
antimicrobial peptides (AMPs). These mediators continue to have a role after infection with a high infectious dose, whereby polymorphonuclear cells (PMN) are recruited by chemoattraction through
various mediators including C'5a, and galectin-3, and pneumococcal products such as pneumolysin (Ply) and formyl-methionine-leucine-phenylalanine (fMLP). (B) If alveolar defence mechanisms are
overwhelmed by multiplication of pneumococci, invasion of S pneumoniae into the bloodstream takes place, helped by platelet-activating factor receptor (PAFR) and (soluble) (D14 (sCD14). In the
bloodstream, several host proteins contribute to host defence including natural IgM antibodies, C', C reactive protein (CRP), and serum amyloid (SAP). TF=tissue factor. AM¢=alveolar macrophage.

worsened outcomes in those with a high infectious dose
of serotype 4 S pneumoniae, but not in those with a low
inoculum.” By contrast, neutrophil depletion in mice
with a serotype 8 strain improved survival and resulted in
reduced bacteraemia.” Pneumococcal pneumonia is
uncommon in adults with isolated neutropenia and
without other concomitant immune defects.

The greatly increased frequency of pneumococcal
pneumonia in patients with AIDS attests to the protective
role of CD4+ T cells in resistance to pneumococci.
S pneumoniae elicits an early accumulation of T cells in
lung infection®”—a response that is dependent on
pneumolysin. MHCII-/- mice have a pronounced deficiency
in CD4+ T cells and are highly susceptible to pneumococcal
pneumonia.” y6 T cells make up only 2% of circulating T
cells but are present in increased concentrations in
respiratory tissues. Pneumococcal pneumonia is associated
with an increase in y8 T-cell subsets in lung tissues.”*” Vy4
T cell-/- mice are very susceptible to pneumococci and
show reduced trafficking of neutrophils into lung tissue.”
vy T cells also contribute to the resolution phase of
S pneuwmoniae infection.” Natural killer T cells have a
crucially important role in defence against pneumococcal
pneumonia.” Treatment of mice with a-galactosylceramide,
which specifically activates Val4+ natural killer T cells,
improves clearance of pneumococci.”
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Clearance of pneumococci from the circulation strongly
depends on opsonisation by complement components
and phagocytosis by myeloid cells.”* Disruption of the
common C3 pathway profoundly impairs resistance to
pneumococci.® Of the three complement cascades
(classic, alternative, and mannose-binding lectin
pathways), the classic pathway has been identified as
most important in host defence against pneumococci.”
Natural IgM antibodies contribute to innate immune
responses through activation of the classical complement
pathway." Antibody-independent activation of the classic
pathway also arises through SIGNR1"™ C-reactive
protein,” and serum amyloid P."

Recognition of pneumococci by immune cells within
therespiratory tract generates an array of proinflammatory
and anti-inflammatory cytokines. Some of these cytokines
play a pivotal part in innate defence against pneumococci.
Tumour necrosis factor a (TNFa) is of particular
importance because its inhibition or elimination greatly
helps with growth and dissemination of pneumococci'”—
an effect mainly mediated by the type I TNF receptor."
Interleukin 1 seems to have a similar yet less important
protective role.” Inhibition of both TNF and interleukin 1
renders animals very susceptible to pneumococcal
pneumonia and other types of bacterial infections.”'"*
Other proinflammatory cytokines that are important for

1549




Seminar

Figure 6: Typical radiographic findings in pneumococcal pneumonia

This previously healthy woman aged 73 years presented to hospital with bacteraemic multilobar left-sided
pneumococcal pneumonia (A). 5 days later, the infiltrate worsened (B) despite appropriate therapy (ceftriaxone
and clarithromycin) for this penicillin-susceptible strain of S pneumoniae. By day 10, chest radiograph (C) shows a
parapneumonic effusion, extensive consolidation, and areas of focal cavitation. A chest CT image on day 12 (D)
confirms cavitation and consolidation with air bronchograms. The patient slowly recovered with antimicrobial
therapy alone and had a chest radiogram after 2 months that was clear apart from minor parenchymal scarring in

the left lower lobe.
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defence against pneumococci are interleukin 6 and
interleukin 18, whereas the anti-inflammatory cytokine
interleukin 10 impairs defence mechanisms during both
primary and postinfluenza pneumococcal pneumonia.”

Surprisingly, interferon y inhibits antibacterial defence
in models of either primary or postinfluenza pneumo-
coccal pneumonia,”™” possibly because this cytokine
decreases the capacity of alveolar macrophages to kill
S pneumoniae.” Other investigators*™ have reported
widely disparate results with blockers of interferon 1.
Interleukin 12, a prominent inducer of interferon v, has
been reported to either enhance™ or have no effect” on
host defence against pneumococcal pneumonia. Together,
these studies show that cytokine-mediated enhancement
of lung inflammation improves outcomes for animals
with S pneumoniae pneumonia, although interferon vy
might worsen outcomes.

S pneumoniae pneumonia results in activation of
nuclear factor kB within the lungs.™ Inhibition of
nuclear factor kB activation increases lethality and
enhances bacterial growth in animal models of infection
with S pneumoniae.”™ A role for adequate activation of
this factor in defence against pneumococci in people is
supported by the association between common
polymorphisms in the inhibitor kB genes NFKBIA and
NFKBIE, and increased susceptibility to invasive
pneumococcal disease." Extensive cross-talk exists
between the coagulation system and the innate immune
system in response to microbial infection.”® These
systems simultaneously activate and collaborate to
contain and eradicate localised infection.™ Pneumo-
coccal pneumonia is associated with both intrapulmonary
and systemic activation of the coagulation system—a
response initiated by tissue factor.™ Anticoagulant
treatment with recombinant tissue-factor pathway
inhibitor, activated protein C, or antithrombin greatly
restricts lung coagulopathy in pneumococcal pneumonia
in animals." Infusion of recombinant human-activated
protein C improves 28 day mortality in patients with
severe sepsis and reduces the high likelihood of dying."
This beneficial effect was most evident in a subgroup of
patients who had pneumococcal pneumonia.”™ Figure 5
shows the host responses within the lung induced by
S pneumoniae.

Clinical features

Pneumococcal pneumonia usually presents as typical,
acute community-acquired pneumonia. It generally
begins with a mild upper-airway irritation attributable
to a respiratory viral infection. When pneumococci are
deposited into the lower airways they are usually expelled
by mucociliary clearance, cough, antimicrobial peptides,
and local innate immune defences. Should these
systems fail to eliminate the pathogen, systemic
inflammation ensues with characteristic signs and
symptoms of bacterial pneumonia.”” Onset of severe
illness is abrupt, and develops with a shaking chill,
fever, malaise, cough, and dyspnoea. The cough becomes
productive with purulent sputum, sometimes with
brownish or blood-tinged sputum with respirophasic
chest pain and progressive dyspnoea. Left untreated,
this toxic illness can progress to acute respiratory failure,
septic shock, multiorgan failure, and death within
several days from onset.

Figure 6 shows typical radiographic findings in an
elderly patient with bacteraemic pneumococcal
pneumonia. Resolution of radiographic findings for this
illness is slow, with abnormal findings in half of patients
up to 6 weeks after symptom onset.™ Need for and
clinical usefulness of routine follow-up radiographs after
uncomplicated pneumococcal pneumonia is questionable
and no longer recommended."™ Recurrent or
non-resolving pneumonia in the same anatomical
location is suggestive of a possible endobrochial lesion.
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Recurrent pneumococcal pneumonia in different
bronchopulmonary segments should prompt a search
for an underlying immunocompromised state. HIV
infection, congenital or acquired B-cell disorders, and
ciliary dyskinesia are common concerns in patients
younger than 18 years, and multiple myeloma and other
ymphoreticular disorders are suspected in patients older
than 65 years.™

Clinical presentation of pneumococcal pneumonia
might not be typical in some vulnerable patients, and
diagnosis can be difficult. Invasive pneumococcal disease
can be subtle in its early phases in neonates, elderly
people, severely immunocompromised patients, asplenic
hosts, and in various concomitant co-morbid illnesses. "
Patients can present with extrapulmonary symptoms
(meningitis, overwhelming sepsis, pericarditis, peri-
tonitis, mastoiditis, and endocarditis) before showing
evidence of bacterial pneumonia.

Diagnosis

Diagnostic methods for pneumococcal pneumonia have
not changed appreciably since Pasteur and Sternberg
first isolated S pneumoniae in 1881, and Christian Gram
used his famous stain to reveal pneumococci under the
microscope in 1886 (figure 7). Pneumococci grow readily
on blood agar plates in a CO, incubator at 37°C.
S pneumoniae colonies are o haemolytic and often
umbilicate because of autolysis. Cultures from sputum,
blood, and other tissue sites should be obtained before
empirical antibiotic therapy is started."

Two innovations for rapid diagnosis of pneumococcal
disease are now available and can be quite useful. The
first is urinary antigen detection of the C polysaccharide
from the pneumococcal cell wall by an immunochromato-
graphy assay. This test compares favourably with culture
and gram stain for detection of invasive pneumococcal
disease.”” The assay is most sensitive in severe
pneumococcal disease and bacteraemia, and can be
falsely negative in early pneumococcal infection. This
assay is especially useful in patients from whom clinicians
have difficulty getting an adequate sputum sample, and
in those who have already begun antibiotic treatment
before cultures were obtained. The urinary antigen
remains positive for weeks after onset of severe
pneumococcal pneumonia. Major drawbacks of this
assay are an inability to acquire antimicrobial
susceptibility data from this test, and loss of sensitivity
with mild infections. The second is the many non-culture
assays based on nucleic acids for pneumococcal
pneumonia that are now available or in develop-
ment. They are rapid and highly specific, with
S pneumoniae-specific DNA sequences as targets for
detection assays.”® To distinguish pneumococcal
colonisation from infection remains a challenge. Perhaps
these rapid diagnostic techniques will be useful for
making management decisions about patients with
pneumococcal infections in the future.
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Figure 7: Classic gram stain findings in acute pneumococcal pneumonia
Note numerous lancet-shaped gram-positive diplococci and neutrophilic cellular infiltrate. Pneumococci as
diplococci (arrows). (High power magnification under oil immersion x1000.)

Treatment

The initial, uniform activity of penicillin against
S pneumoniae resulted in this antibiotic being treatment
of choice for community-acquired pneumonia since the
late 1940s.! Penicillin-resistant strains of S pneumoniae
were first noted in the mid 1970s and resistant clones
have now spread worldwide.""® Penicillin resistance is
related to structurally modified penicillin-binding
proteins of S pneumoniae. These modified binding
proteins allow peptidoglycan synthesis despite the
presence of penicillin. This resistance mechanism can
often be overcome with high doses of penicillin. Present
clinical laboratory standards that define the minimum
inhibitory concentration for susceptibility, intermediate
resistance, and high-level resistance to penicillin vary
somewhat by region (table 2).s20

Non-meningeal S pneumoniae strains expressing
intermediate and even high-level resistance to penicillin
can still be treated with high-dose, B-lactam antibiotics
(penicillins, or second or third generation cephalo-
sporins).”"*” Meningitis attributable to S pneumoniae
with even intermediate resistance to pneumococci
necessitates use of other agents to assure a successful
outcome."™ Table 2 provides the present recommended
treatment regimens and comparisons between the
British,” European,” and American™ guidelines for
community-acquired pneumonia and specific types of
S pneumoniae infections.

Antimicrobial resistance of pneumococci to
macrolides,” fluoroquinolones,” vancomycin,” trime-
thoprim,™ and various other antimicrobial agents is
increasingly recognised worldwide.”*” When feasible,

1551



Seminar

1552

Primary therapy

Alternative therapies

Community-acquired pneumonia with
PCN-S or PCN-I S pneumoniae

with or without macrolide

Community-acquired pneumonia with
PCN-R S pneumoniae

fluoroquinolone;
or meningitis, PCN-S/I' S pneumoniae
meningitis
or meningitis, PCN-R S pneumoniae

Suspected pneumococcal infection or
overwhelming post-splenectomy
infection

seek immediate attention

Invasive pneumococcal disease and
immunoglobulin deficiency

Standard antimicrobial therapy

BTS: 500 mg ampicillin every 6 h or benzylpenicillin 1-2 g every
6 h; ATS; penicillin G 6-10 million units per day;
ERS: penicillin, or second or third generation cephalosporin,

BTS: high-dose penicillin or second or third generation
cephalosporin or alternative therapy;
ATS: high-dose second or third generation cephalosporin or

ERS: fluoroquinolone, vancomycin, or linezolid

Pneumococcal bacteraemia with sepsis  High-dose penicillin or ampicillin, with or without macrolide or
fluoroquinolone; add dexamethasone for pneumococcal

Pneumococcal bacteraemia with sepsis  High-dose third generation cephalosporin with or without
macrolide or fluoroquinolone; if meningitis add vancomycin
with or without rifampin+dexamethasone

Immediate treatment with oral amoxicillin and clavulanate,

Recommendations for patients with community-acquired pneumococcal pneumonia and others invasive diseases. Recommendations based on guidelines from the
British Thoracic Society (BTS),™ Infectious Diseases Society of America/American Thoracic Society (ATS),"® European Respiratory Society (ERS).** PCN=penicillin.
S=susceptible. I=intermediate. R=resistant. TMP-SMX=trimethoprim-sulfamethoxazole. Fluoroquinolone=respiratory fluoroquinolones (moxifloxacin or levofloxacin), not
ciprofloxacin because of high resistance rates. Minimum inhibitory concentration (MIC) breakpoints for lung isolates: BTS >0-1 mg/L (S), 0-1-1-0 mg/L (I), and >1-4 mg/L
(R); ERS <0-5 mg/L (S), 0-5-2-0 mg/L (1), >2-0 (R); ATS <2-0 pug/mL (S), 2-4 pg/ml (1), =8 pug/ml (R). For meningeal isolates: ATS <0-06 pg/mL (S), 0-12-1-0 pg/ml (1), and
=2 pg/mL (R). ERS guidelines regard cerebrospinal fluid isolates with MIC <0-06 mg/L=susceptible, >0-06 mg/L= resistant.

Second or third generation cephalosporin;
if B-lactam allergy give clarithromycin,
azithromycin, or fluoroquinolone

Vancomycin, fluoroquinolones, linezolid,
carbapenems if susceptible

High-dose second or third generation
cephalosporin; if B-lactam allergy give
vancomycin, fluoroquinolones

If B-lactam allergy give vancomycin with or
without rifampin; consider TMP-SMX or
chloramphenicol in meningitis if susceptible

If B-lactam allergy, immediate treatment with oral
clarithromycin, seek medical attention

Consider adding intravenous immunoglobulin
1-2g/kg with antimicrobial therapy

Table 2: Treatment recommendations for parenteral therapy for patients admitted to hospital

S pneumoniae strains isolated from patients who are
sufficiently ill to need hospital admission should
undergo sensitivity testing because susceptibilities to
standard agents are no longer assured.” This testing is
especially important in assessment of blood or
cerebrospinal fluid isolates, and in geographical areas
where resistance to standard antibiotics is a known
problem.

Much controversy exists about the advisability of use
of combination therapy with a B-lactam and either
a macrolide or respiratory fluoroquinolone for
bacteraemic pneumococcal pneumonia. Results of
several retrospective and small prospective studies™*'*
show a possible survival advantage with combination
therapy, even when the pneumococcal isolate is
susceptible to B-lactams. Some form of in-vivo synergy
might exist, or combination therapy might treat some
unrecognised co-pathogens not covered by {-lactams
(eg, Mpycoplasma pneumoniae, Chlamydophila spp, or
other untypical pathogens). Macrolides and perhaps
even fluoroquinolones might limit excessive host-
derived inflammatory reactions to severe pneumococcal
pneumonia.”™ ™ In a laboratory study,'” researchers
reported improved outcomes and reduced lung
inflammation when inhibitors of bacterial protein
synthesis (clindamycin or azithromycin) were added to
ampicillin for postinfluenza pneumococcal pneumonia.
These protein inhibitors might reduce synthesis of
microbial mediators that contribute to lung inflam-
mation. Convincing clinical evidence from large

numbers of people to show that combination therapy is
better than monotherapy is highly desirable. Individual
decisions about dual therapy for severe invasive
pneumococcal disease presently rest on available but
insufficient clinical information.

Early intervention with effective antimicrobial agents
provides a substantial survival advantage in severe
pneumococcal pneumonia. Antibiotics should be started
as soon as possible (<4-6 h) after a patient enters a
health-care facility for the best outcome.""* Optimum
supportive care with supplemental oxygen, ventilatory
support, volume resuscitation, vasopressors, supportive
nutrition, and other measures can be lifesaving.
Although controversy remains about the risk—benefit
ratio for recombinant-activated protein C in severe
sepsis, this therapy is still an option in severe
pneumococcal pneumonia.™

Vaccine strategies

Prevalence and intrinsic virulence of pneumococci,
and progressive resistance to antimicrobial agents has
rekindled an interest in improved vaccines against
S pneumoniae. Two vaccine formulations are available
to prevent pneumococcal infection. The polysaccharide
vaccine consists of the 23 most common capsular
serotypes that cause invasive pneumococcal disease in
the developed world."** This vaccine induces
T-cell-independent B-cell responses and is in wide-
spread use.™ Its effectiveness is hampered by poor
vaccine responses in elderly people, immuno-

www.thelancet.com Vol 374 October 31,2009



Seminar

compromised patients, and in infants younger than
age 2 years—precisely those at greatest risk for severe
pneumococcal disease.

The covalently linked polysaccharide-protein conjugate
pneumococcal vaccine has been in use for almost 10 years
and was very successful®” (figure 1). The seven-valent
conjugate vaccine (Prevenar; Wyeth) is approved for use
mainly in children younger than 2 years, and for children
younger than 5 years with high-risk conditions. This
vaccine targets the pneumococcal serotypes 4, 6B, 9V, 14,
18C, 19F, and 23F. These seven serotypes are responsible
for 80% of pneumococcal infections in children living in
developed countries. The vaccine is highly immunogenic
in young children because it is T cell-dependent and
overcomes the intrinsic loss of immunogenicity to
polysaccharide vaccines within the first 2 years of life.”
This vaccine has reduced incidence of invasive
pneumococcal disease in children in the USA younger
than 1year by 82%.” One of the most remarkable attributes
of the pneumococcal conjugate vaccine has been the
degree of herd immunity it generates. Frequency of
invasive pneumococcal disease infection in non-vaccinated
siblings and even adult contacts has declined
substantially.*** Young children are the primary
reservoir for pneumococcal colonisation in people, and
thus elimination of the carrier state in children reduces
risk of transmission to the rest of the population.

Despite the effectiveness of the conjugate vaccine,
disturbing patterns are developing in the epidemiology
of pneumococcal disease that threaten the long-term
benefits of the vaccine. Invasive disease attributable to
non-vaccine serotypes of S pneumonige has greatly
increased.” Vaccine-induced anticapsular antibodies
restrict access of vaccine-associated serotypes to the
human upper airways. This niche is now available to
non-vaccine pneumococcal serotypes or other
oropharyngeal pathogens such as Staphylococcus
aureus.™ Vaccine replacement by non-virulent
serotypes would be acceptable, but virulent, non-vaccine
serotypes can also replace vaccine serotypes of pneumo-
cocci. ¥ Capsular switching probably arises through
transformation of capsular genes from one serotype to
another.®* Such events could arm an intrinsically
virulent strain of S pneumoniae previously encapsulated
with a vaccine-related serotype with a new antigenic
polysaccharide coat to avoid vaccine-induced immune
recognition.

Analysis of patterns of serotype replacement over time
after widespread institution of the seven-valent conjugate
vaccine is needed. An expanded conjugate vaccine
including serotypes not covered in the present vaccine
might be useful. Serotype 19A S pneumoniae is a specific
concern.® This serotype has expanded greatly since
introduction of the conjugate pneumococcal vaccine, "
and has much virulence potential as a pulmonary and
extrapulmonary pathogen. Moreover, it has the propensity
to acquire multiple drug-resistance genes, complicating
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antimicrobial therapy against this organism.”* Other
vaccine approaches include development of vaccines
against many, highly conserved, immunogenic protein
antigens—eg, adhesins, pneumolysin, invasion proteins,
and transport proteins.’

Conclusions

The pneumococcus fascinates immunologists, yet
frustrates clinicians and public-health officials attempting
to control it. Although the human respiratory tract has
many local and systemic immune defences, a range of
pneumococcal virulence factors work together to cause
invasive disease. The capacity of S pneumoniae to resist
antimicrobial agents and escape immune defences shows
that control of this pathogen will not be easy to achieve.
Thus a multifaceted approach with new generation
vaccines, novel antimicrobial therapies, and improved
adjuvant treatments will be needed.

Contributors
Both authors contributed equally to this Seminar.

Conflicts of interest
We declare that we have no conflicts of interest.

References

1  Watson DA, Musher DM, Jacobson JW, Verhoef ]. A brief history
of the pneumococcus in biomedical research: a panoply of
scientific discovery. Clin Infect Dis 1993; 17: 913-24.

2 Berkley JA, Lowe BS, Isaiah MP, et al. Bacteremia among children
admitted to a rural hospital in Kenya. N Engl ] Med 2005;

352: 39-47.

3 Bogaert D, de Groot R, Hermans R. Streptococcus pneumoniae
colonisation: the key to pneumococcal disease.
Lancet Infect Dis 2004; 4: 144-54.

4 Weinberger DM, Dagan R, Givon-Lavi N, et al. Epidemiologic
evidence for serotype-specific acquired immunity to
pneumococcal carriage. J Infect Dis 2008; 197: 1511-18.

5  Kadioglu A, Weiser JN, Paton JC, Andrew PW. The role of
Streptococcus pneumoniae virulence factors in host respiratory
colonization and disease. Nature Rev Microbiol 2008; 6: 288-301.

6  Orihuela CJ, Gao G, Francis KP, et al. Tissue-specific
contributions of pneumococcal virulence factors to pathogenesis.
J Infect Dis 2004; 190: 1661-69.

7 Zhang Q, Bagrade L, Bernatoniene J, et al. Low CD4 T cell
immunity to pneumolysin is associated with nasopharyngeal
carriage of pneumococci in children. J Infect Dis 2007;

195: 1194-202.

8  Dudley S, Ashe K, Winther B, Hendley JO. Bacterial pathogens of
otitis media and sinusitis: Detection in the nasopharynx with
selective agar media. | Lab Clin Med 2001; 138: 338—42.

9  Romney MG, Hull MW, Gustafson R, et al. Large community
outbreak of Streptococcus pneumoniae serotype 5 invasive infection in
an impoverished, urban population. Clin Infect Dis 2008; 47: 768-74.

10 Cherian T, Steinhoff MC, Harrison LH, et al. A cluster of invasive
pneumococcal disease in young children in child care. JAMA 1994;
271: 695-97.

11  Hoge CW, Reichler MR, Dominguez EA, et al. An epidemic of
pneumococcal disease in an overcrowded, inadequately ventilated
jail. N Engl ] Med 1994; 331: 643—48.

12 Crum NF, Wallace MR, Lamb CR, et al. Halting a pneumococcal
pneumonia outbreak among United States Marine Corps trainees.
Am ] Prev Med 2003; 25: 107-11.

13 Hare KM, Morris P, Smith-Vaughan H, Leach AJ. Random colony
selection versus colony morphology for detection of multiple
pneumococcal serotypes in nasopharyngeal swabs.

Pediatr Infect Dis ] 2008; 27: 178-80.

14 Smith T, Lehmann D, Montgomery J, et al. Acquisition and
invasiveness of different serotypes of Streptococcus pneumoniae in
young children. Epidemiol Infect 1993; 111: 27-39.

1553



Seminar

1554

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

Brueggemann AB, Griffiths DT, Meats E, et al. Clonal relationships
between invasive and carriage Streptococcus pneumoniae and
serotype- and clone specific differences in invasive disease potential.
J Infect Dis 2003, 187: 1424-32.

Miller EV, Watt JP, Bronsdon MA, et al. Indirect effect of 7-valent
pneumococcal conjugate vaccine on pneumococcal colonization
among unvaccinated household members. Clin Infect Dis 2008;

47: 989-96.

Centers for Disease Control and Prevention. Invasive pneumococcal
disease in children 5 years after conjugate vaccine introduction
—eight states, 1998-2005. MMWR Morb Mortal Wkly Rep 2008;
57:144-48.

Hicks LA, Harrison LH, Flannery B, et al. Incidence of
pneumococcal disease due to non-pneumococcal conjugate vaccine
(PCV7) serotypes in the United States during the era of widespread
PCV7 vaccination 1998-2004. J Infect Dis 2007; 196: 1346-54.

Bruce MG, Deeks SL, Zulz T, et al. International circumpolar
surveillance system for invasive pneumococcal disease, 1999-2005.
Emerg Infect Dis 2008; 14: 25-33.

Gulmez SE, Holm A, Frederiksen H, et al. Use of proton pump
inhibitors and the risk of community-acquired pneumonia:

a population-based case-control study. Arch Intern Med 2007;

167: 950-55.

van der Sluijs KF, van Elden LJR, Nijhuis M, et al. Involvement of
the platelet activating factor receptor in host defense against
Streptococcus pneumoniae during postinfluenza pneumonia.

Am J Physiol Lung Cell Mol Physiol 2005; 290: L194-99.

Dessing MC, Knapp S, Florquin S, et al. CD14 facilitates invasive
respiratory tract infection by Streptococcus pneumoniae.

Am ] Respir Crit Care Med 2007; 175: 604-11.

Tettelin H, Nelson KE, Paulsen IT, et al. Complete genome sequence
of a virulent isolate of Streptococcus pneumoniae.

Science 2001; 293: 498-506.

Lanie JA, Ng WL, Kazmierczak KM, et al. Genome sequence of
Avery’s virulent serotype 2 strain D39 of Streptococcus pneumoniae
and comparison with that of unencapsulated laboratory strain R6.
J Bacteriol 2007; 189: 38-51.

Obert C, Sublett J, Kaushal D, et al. Identification of a candidate
Streptococcus pneumoniae core genome and regions of diversity
correlated with invasive pneumococcal disease. Infect Immun 2006;
74: 476677,

Hava DL, Camilli A. Large-scale identification of serotype 4
Streptococcus pneumoniae virulence factors. Mol Microbiol 2002;
45:1389-406.

Orihuela CJ, Radin JN, Sublett JE, et al. Microarray analysis of
pneumococcal gene expression during invasive disease.

Infect Immun 2004; 72: 5582-96.

Williams SP, Tait-Kamradt AG, Norton JE, et al. Nucleotide
sequence changes between Streptococcus pneumoniae R6 and D39
strains determined by an oligonucleotide hybridization DNA
sequencing technology. | Microbiol Methods 2007; 70: 65-74.
Bijlsma JJ, Burghout P, Kloosterman TG, et al. Development of
genomiic array footprinting for identification of conditionally
essential genes in Streptococcus pneumoniae.

Appl Environ Microbiol 2007; 73: 1514-24.

Brown JS, Gilliland SM, Spratt BG, Holden DW. A locus contained
within a variable region of pneumococcal pathogenicity island 1
contributes to virulence in mice. Infect Immun 2004; 72: 1587-93.
Silva NA, McCluskey ], Jefferies JMC, et al. Genomic diversity
between strains of the same serotype and multilocus sequence type
among pneumococcal clinical isolates. Infect Immun 2006;
74:3513-18.

Dawid S, Roche A, Weiser J. The blp bacteriocins of Streptococcus
pneumoniae mediate intraspecies competition both in vitro and in
vivo. Infect Immun 2007; 75: 445-51.

Ogglioni MR, Trappetti C, Kadioglu A, et al. Switch from planktonic
to sessile life: a major event in pneumococcal pathogenesis.

Mol Microbiol 2006; 61: 1196-210.

Martin-Galiano AJ, Wells JM, de la Campa AG. Relationship
between codon biased genes, microarray expression values and
physiological characteristics of Streptococcus pneumoniae.

Microbiol 2004; 50: 2313-25.

Aziz RK, Kotb Malak. Rise and persistence of global M1T1 clone of
Streptococcus pyogenes. Emerg Infect Dis 2008; 14: 1511-17.

36

37

38

41

42

43

45

47

49

50

51

52

53

54

55

56

58

Moran GJ, Krishnadasan A, Gorwitz RJ, et al. Methicillin-resistant
S aureus infections among patients in the emergency department.
N Engl ] Med 2006; 355: 665-74.

Kelly CP, LaMont JT. Clostridium difficile—more difficult than ever.
N Engl ] Med 2008; 359: 1932-40.

Nelson A, Roche AM, Gould JM, et al. Capsule enhances
pneumococcal colonization by limiting mucus-mediated clearance.
Infect Immun 2007; 75: 83-90.

Hammerschmidt S, Wolff S, Hocke A, et al. Illustration of
pneumococcal polysaccharide capsule during adherence and
invasion of epithelial cells. Infect Immun 2005; 73: 4653-67.

Hirst RA, Kadioglu A, O’Callaghan C, Andrew PW. The role of
pneumolysin in pneumococcal pneumonia and meningitis.

Clin Exp Immunol 2004; 138: 195-201.

Rosenow C, Ryan P, Weiser JN, et al. Contribution of novel
choline-binding proteins to adherence, colonization and
immunogenicity of Streptococcus pneumoniae. Mol Microbiol 1997;
25: 819-29.

Tannelli F, Chiavolini D, Ricci S, et al. Pneumococcal surface
protein C contributes to sepsis caused by Streptococcus pneumoniae
in mice. Infect Immun 2004; 72: 3077-80.

Quin LR, Carmicle S, Dave S, et al. In vivo binding of complement
regulator factor H by Streptococcus pneumoniae. J Infect Dis 2005;
192: 1996-2003.

Weidenmaier C, Peschel A. Teichoic acids and related cell-wall
glycopolymers in Gram-positive physiology and host interactions.
Nature Rev Microbiol 2008; 6: 276-87.

Jedrzejas M]J. Pneumococcal virulence factors: structure and
function. Microbiol Mol Biol Rev 2001; 65: 187-207.

Paterson GK, Mitchell TJ. The role of Streptococcus pneumoniae
sortase A in colonization and pathogenesis. Microbes Infect 2006;
8:145-53.

Rosch JW, Mann B, Thornton J, et al. Convergence of regulatory
networks on the pilus locus of Streptococcus pneumoniae.

Infect Immun 2008; 76: 3187-96.

Holmes A, McNab R, Millsap KW, et al. The pavA gene of
Streptococcus pneumoniae encodes a fibronectin-binding protein that
is essential for virulence. Mol Microbiol 2001; 41: 1395-408.

Glover DT, Hollingshead SK, Briles DE. Streptococcus pneumoniae
surface protein pcpA elicits protection against lung infection and
fatal sepsis. Infect Immun 2008; 76: 2767-76.

Akira S. Uematsu S, Takeuchi O. Pathogen recognition and innate
immunity. Cell 2006; 124: 783-801.

Beutler B, Jiang Z, Georgel P, et al. Genetic analysis of host
resistance: toll-like receptor signaling and immunity at large.
Annu Rev Immunol 2006; 24: 353-89.

Suresh MV, Singh SK, Ferguson DA Jr, 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.

Suresh MV, Singh SK, Ferguson DA Jr, Agrawal A. Human
C-reactive protein protects mice from Streptococcus pneumoniae
infection without binding to pneumococcal C-polysaccharide.

J Immunol 2007; 178: 1158-63.

Cundell DR, Gerard NP, Gerard C, et al. Streptococcus pneumoniae
anchor to activated human cells by the receptor for
platelet-activating factor. Nature 1995; 377: 435-38.

Rijneveld AW, Weijer S, Florquin S, et al. Improved host defense
against pneumococcal pneumonia in platelet-activating factor
receptor-deficient mice. J Infect Dis 2004; 189: 711-16.

Kang YS, Kim JY, Bruening SA, et al. The C-type lectin SIGN-R1
mediates uptake of the capsular polysaccharide of Streptococcus
pneumoniae in the marginal zone of mouse spleen.

Proc Natl Acad Sci USA 2004; 101: 215-20.

Koppel EA, Wieland CW, van den Berg VC, et al. Specific ICAM-3
grabbing nonintegrin-related 1 (SIGNR1) expressed by marginal
zone macrophages is essential for defense against pulmonary
Streptococcus pneumoniae infection. Eur | Immunol 2005;
35:2962-69.

Koppel EA, Litjens M, van den Berg VC, et al. Interaction of
SIGNRI1 expressed by marginal zone macrophages with marginal
zone B cells is essential to early IgM responses against Streptococcus
pneumoniae. Mol Immunol 2008; 45: 2881-87.

www.thelancet.com Vol 374 October 31,2009



Seminar

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

78

79

Arredouani M, Yang Z, Ning Y, et al. The scavenger receptor
MARCO is required for lung defense against pneumococcal
pneumonia and inhaled particles. | Exp Med 2004; 200: 267-72.
Knapp S, Weiland CW, van ‘t Veer C, et al. Toll-like receptor 2 plays
arole in the early inflammatory response to murine pneumococcal
pneumonia but does not contribute to antibacterial defense.

J Immunol 2004; 172: 3132-38.

Mogensen TH, Paludan SR, Kilian M, Ostergaard L. Live
Streptococcus pneumoniae, Haemophilus influenzae, and Neisseria
meningitidis activate the inflammatory response through Toll-like
receptors 2, 4, and 9 in species-specific patterns. J Leukoc Biol 2006;
80: 267-77.

Khan AQ, Chen Q, Wu ZQ, et al. Both innate immunity and type 1
humoral immunity to Streptococcus pneumoniae are mediated by
MyD88 but differ in their relative levels of dependence on toll-like
receptor 2. Infect Immun 2005; 73: 298-307.

Seo HS, Michalek SM, Nahm MH. Lipoteichoic acid is important in
innate immune responses to gram-positive bacteria.

Infect Immun 2008; 76: 206-13.

Moore L], Pridmore AC, Dower SK, Read RC. Penicillin
enhances the toll-like receptor 2-mediated proinflammatory
activity of Streptococcus pneumoniae. J Infect Dis 2003;

188: 1040—48.

Malley R, Henneke P, Morse SC, et al. Recognition of pneumolysin
by Toll-like receptor 4 confers resistance to pneumococcal infection.
Proc Natl Acad Sci USA 2003; 100: 1966-71.

Srivastava A,Henneke P, Visintin A, et al. The apoptotic response to
pneumolysin is Toll-like receptor 4 dependent and protects against
pneumococcal disease. Infect Immun 2005; 73: 6479-87.

Lee KS, Scanga CA, Bachelder EM, et al. TLR2 synergizes with both
TLR4 and TLRY for induction of the MyD88-dependent splenic
cytokine and chemokine response to Streptococcus pneumoniae.

Cell Immunol 2007; 245: 103-10.

Albiger B, Dahlberg S, Sandgren A, et al. Toll-like receptor 9 acts at
an early stage in host defence against pneumococcal infection.

Cell Microbiol 2007; 9: 633—44.

Albiger B, Sandgren A, Katsuragi H, et al. Myeloid differentiation
factor 88-dependent signalling controls bacterial growth during
colonization and systemic pneumococcal disease in mice.

Cell Microbiol 2005; 7: 1603-15.

Rijneveld AW, Florquin S, Branger J, et al. TNF-alpha
compensates for the impaired host defense of IL-1 type I
receptor-deficient mice during pneumococcal pneumonia.

J Immunol 2001; 167: 5240-46.

Lauw FN, Branger J, Florquin S, et al. IL-18 improves the early
antimicrobial host response to pneumococcal pneumonia.

J Immunol 2002; 168: 372-78.

Von Bermuth H, Picard C, Zhongbo J, et al. Pyogenic bacterial
infections in humans with MyD88 deficiency. Science 2008;

321: 691-96.

Ku CL, von Bernuth H, Picard C, et al. Selective predisposition to
bacterial infections in IRAK-4-deficient children: IRAK-4-dependent
TLRs are otherwise redundant in protective immunity.

J Exp Med 2007; 204: 2407-22.

Khor CC, Chapman SJ, Vannberg FO, et al. A Mal functional
variant is associated with protection against invasive pneumococcal
disease, bacteremia, malaria and tuberculosis. Nat Genet 2007;

39: 523-28.

Gordon SB, Irving GR, Lawson RA, Lee ME, Read RC. Intracellular
trafficking and killing of Streptococcus pneumoniae by human
alveolar macrophages are influenced by opsonins.

Infect Immun 2000; 68: 2286-93.

Opitz B, Piischel A, Schmeck B, et al. Nucleotide-binding
oligomerization domain proteins are innate immune receptors for
internalized Streptococcus pneumoniae. | Biol Chem 2004;

279: 36426-32.

Ogura Y, Sutterwala FS, Flavell RA. The inflammasome: first line of
the immune response to cell stress. Cell 2006; 126: 659-62.

Bals R, Hiemstra PS. Innate immunity in the lung: how epithelial
cells fight against respiratory pathogens. Eur Respir ] 2004;
23:327-33.

Quinton L], Jones MR, Simms BT, et al. Functions and regulation of
NF-kappaB RelA during pneumococcal pneumonia.

J Immunol 2007; 178: 1896-903.

www.thelancet.com Vol 374 October 31,2009

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

Jounblat R, Clark H, Eggleton P, et al. The role of surfactant
protein D in the colonisation of the respiratory tract and onset

of bacteraemia during pneumococcal pneumonia. Respir Res

2005; 6: 126.

Dockrell DH, Marriott HM, Prince LR, et al. Alveolar macrophage
apoptosis contributes to pneumococcal clearance in a resolving
model of pulmonary infection. ] Immunol 2003; 171: 5380-88.
Knapp S, Leemans JC, Florquin S, et al. Alveolar macrophages have
a protective antiinflammatory role during murine pneumococcal
pneumonia. Am | Respir Crit Care Med 2003; 167: 171-79.

Marriott HM, Hellewell PG, Cross SS, et al. Decreased alveolar
macrophage apoptosis is associated with increased pulmonary
inflammation in a murine model of pneumococcal

pneumonia. J Immunol 2006; 177: 6480-88.

Mizgerd JP, Meek BB, Kutkoski GJ, et al. Selectins and neutrophil
traffic: margination and Streptococcus pneumoniae-induced
emigration in murine lungs. | Exp Med 1996; 184: 639—45.
Rijneveld AW, de Vos AF, Florquin S, Verbeek JS, van der Poll T.
CD11b limits bacterial outgrowth and dissemination during murine
pneumococcal pneumonia. J Infect Dis 2005; 191: 1755-60.

Sato S, Ouellet N, Pelletier I, et al. Role of galectin-3 as an adhesion
molecule for neutrophil extravasation during streptococcal
pneumonia. | Immunol 2002; 168: 1813-22.

Farnworth SL, Henderson NC, Mackinnon AC, et al. Galectin-3
reduces the severity of pneumococcal pneumonia by augmenting
neutrophil function. Am J Pathol 2008; 172: 395-405.

Gauthier JF, Fortin A, Bergeron Y, et al. Differential contribution of
bacterial N-formyl-methionyl-leucyl-phenylalanine and host-derived
CXC chemokines to neutrophil infiltration into pulmonary alveoli
during murine pneumococcal pneumonia.

Infect Immun 2007; 75: 5361-67.

Marriott HM, Jackson LE, Wilkinson TS, et al. Reactive oxygen
species regulate neutrophil recruitment and survival in
pneumococcal pneumonia. Am J Respir Crit Care Med 2008;

177: 887-95.

Fillion I, Ouellet N, Simard M, et al. Role of chemokines and
formyl peptides in pneumococcal pneumonia-induced
monocyte/macrophage recruitment. J Immunol 2001;

166: 7353-61.

Sun K, Metzger DW. Inhibition of pulmonary antibacterial defense
by interferon-gamma during recovery from influenza infection.
Nat Med 2008; 14: 558-64.

Garvy BA, Harmsen AG. The importance of neutrophils in
resistance to pneumococcal pneumonia in adult and neonatal mice.
Inflammation 1996; 20: 499-512.

Marks M, Burns T, Abadi M, et al. Influence of neutropenia on the
course of serotype 8 pneumococcal pneumonia in mice.

Infect Immun 2007; 75: 586-97.

Kadioglu A, Gingles NA, Grattan K, et al. Host cellular immune
response to pneumococcal lung infection in mice.

Infect Immun 2000; 68: 492-501.

Kadioglu A, Coward W, Colston M]J, 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.
Nakasone C, Yamamoto N, Nakamatsu M, et al. Accumulation of
gamma/delta T cells in the lungs and their roles in
neutrophil-mediated host defense against pneumococcal infection.
Microbes Infect 2007; 9: 251-58.

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

van der Sluijs KF, van Elden LJ, Nijhuis M, et al. IL-10 is an
important mediator of the enhanced susceptibility to pneumococcal
pneumonia after influenza infection. J Immunol 2004; 172: 7603-09.
Kawakami K, Yamamoto N, Kinjo Y, et al. Critical role of Valphal4+
natural killer T cells in the innate phase of host protection against
Streptococcus pneumoniae infection. Eur | Immunol 2003;

33: 3322-30.

Brown JS, Hussell T, Gilliland SM, et al. The classical pathway is
the dominant complement pathway required for innate immunity
to Streptococcus pneumoniae infection in mice.

Proc Natl Acad Sci USA 2002; 99: 16969-74.



Seminar

101

102

103

104

105

106

107

108

109

110

11

112

113

114

115

116

117

118

119

120

1556

Kang YS, Do Y, Lee KH, et al. A dominant complement fixation
pathway for pneumococcal polysaccharides initiated by SIGN-R1
interacting with Clq. Cell 2006; 125: 47-58.

Yuste J, Botto M, Bottoms SE, Brown JS. Serum amyloid P aids
complement-mediated immunity to Streptococcus pneumoniae.

PLoS Pathog 2007; 3: 1208-19.

van der Poll T, Keogh CV, Buurman WA, Lowry SF. Passive
immunization against tumor necrosis factor-alpha impairs host
defense during pneumococcal pneumonia in mice.

Am ] Respir Crit Care Med 1997; 155: 603-08.

Kerr AR, Irvine JJ, Search JJ, et al. Role of inflammatory mediators
in resistance and susceptibility to pneumococcal infection.

Infect Immun 2002; 70: 1547-57.

Opal SM, Cross AS, Jhung J, et al. Potential hazards of combination
immunotherapy in the treatment of experimental sepsis.

J Infect Dis 1996; 173: 1415-21.

van der Poll T, Keogh CV, Guirao X, et al. Interleukin-6
gene-deficient mice show impaired defense against pneumococcal
pneumonia. J Infect Dis 1997; 176: 439—44.

Rijneveld AW, Lauw FN, Schultz M], et al. The role of
interferon-gamma in murine pneumococcal

pneumonia. ] Infect Dis 2002; 185: 91-97.

Rubins JB, Pomeroy C. Role of gamma interferon in the
pathogenesis of bacteremic pneumococcal pneumonia.

Infect Immun 1997; 65: 2975-77.

Yamamoto N, Kawakami K, Kinjo Y, et al. Essential role for the p40
subunit of interleukin-12 in neutrophil-mediated early host
defense against pulmonary infection with Streptococcus
pneumoniae: involvement of interferon-gamma.

Microbes Infect 2004; 6: 1241-49.

Amory-Rivier CF, Mohler |, Bedos JP, et al. Nuclear factor-kappaB
activation in mouse lung lavage cells in response to Streptococcus
pneumoniae pulmonary infection. Crit Care Med 2000;

28: 3249-56.

Sha WC, Liou HC, Tuomanen EI, Baltimore D. Targeted disruption
of the p50 subunit of NF-kappa B leads to multifocal defects in
immune responses. Cell 1995; 80: 321-30.

Chapman SJ, Khor, CC, Vannberg FO, et al. IkappaB genetic
polymorphisms and invasive pneumococcal disease.

Am ] Respir Crit Care Med 2007; 176: 181-87.

Levi M, Opal SM. Coagulation abnormalities in critically ill patients.
Crit Care 2006; 10: 222-28.

Opal SM. The host response to endotoxin, anti-LPS strategies and
the management of severe sepsis. Int | Med Microbiol 2007;

297: 365-77.

Rijneveld AW, Weijer S, Bresser P, et al. Local activation of the
tissue factor-factor VIla pathway in patients with pneumonia and
the effect of inhibition of this pathway in murine pneumococcal
pneumonia. Crit Care Med 2006; 34: 1725-30.

Laterre PF, Garber G, Levy H, et al. Severe community-acquired
pneumonia as a cause of severe sepsis: data from PROWESS study.
Crit Care Med 2005; 33: 952-61.

Choi G, Hofstra JJ, Roelofs J], et al. Antithrombin inhibits
bronchoalveolar activation of coagulation and limits lung injury
during Streptococcus pneumoniae pneumonia in rats.

Crit Care Med 2008; 36: 204-10.

Mandel LA, Wunderink RG, Anzueto A, et al. The Infectious
Disease Society of America/American Thoracic Society consensus
guidelines on the management of community-acquired pneumonia
in adults. Clin Infect Dis 2007; 44 (suppl): 27-72.

Bruns AHW, Oosterheert JJ, Prokop M, et al. Patterns of
resolution of chest radiograph abnormalities in adults hospitalized
with severe community-acquired pneumonia. Clin Infect Dis 2007;
45: 983-91.

British Thoracic Society. BTS guidelines for the management of
community-acquired pneumonia in adults. Thorax 2001;

56 (suppl 4): 1-64.

121

122

12

%)

124

125

126

127

128

129

130

131

132

13

[y}

134

135

136

137

138

139

140

European Respiratory Society task force in collaboration with
ESCMID. Guidelines for the management of adult lower respiratory
tract infections. Eur Respir ] 2005; 26: 1138-80.

Opal SM. Splenectomy and splenic dysfunction. In: Infectious
diseases. 2nd edn. ] Cohen ], Powderly W, eds. Edinburgh: Mosby,
Times-Mirror International Publishers, 2004: 1145-50.

Boulware DR, Daley CL, Merrifield C, Hopewell PC, Janoff EN.
Rapid diagnosis of pneumococcal pneumonia among HIV-infected
adults with urine antigen detection. J Infect Dis 2007; 55: 300-09.
Yang S, Lin S, Khalil A, et al. Quantitative PCR assay using sputum
samples for rapid diagnosis of pneumococcal pneumonia in adult
emergency department patients. J Clin Microbiol 2005; 43: 3221-26.
Abdeldaim GMK, Stralin K, Olcén P, et al. Toward a quantitative
DNA-based definition of pneumococcal pneumonia: a comparison
of Streptococcus pneumoniae target genes, with special reference to
the Spn9802 fragment. Diag Microbiol Infect Dis 2008; 60: 143-50.
Yu VL, Chiou CC, Feldman C, et al. An international prospective
study of pneumococcal bacteremia: correlation with in vitro
resistance, antibiotics administered, and clinical outcome.

Clin Infect Dis 2003; 37: 230-37.

Pallares R, Capdevila O, Linares J, et al. The effect of cephalosporin
resistance on mortality in adult patients with nonmeningeal
systemic pneumococcal infections. Am J Med 2002; 113: 120-26.
Lonks JR, Garau J, Gomez L, et al. Failure of macrolide antibiotic
treatment in patients with bacteremia due to erythromycin-resistant
Streptococcus pneumoniae. Clin Infect Dis 2002; 35: 556-64.
Davidson R, Cavalcanti R, Brunton JL, et al. Resistance to
levofloxacin and failure of treatment of pneumococcal pneumonia.
N Engl ] Med 2002; 346: 747-50.

Baddour LM, Yu VL, Klugman KP, et al. Combination antibiotic
therapy lowers mortality among severely ill patients with
pneumococcal bacteremia. Am J Respir Crit Care Med 2004;

170: 440-44.

Waterer GW, Somes GW, Wunderink RG. Monotherapy may be
suboptimal for severe bacteremic pneumococcal pneumonia.

Arch Intern Med 2001; 161: 1837-42.

Martinez JA, Horcajada JP, Almela M, et al. Addition of a macrolide
to a B-lactam-based empirical antibiotic regimen is associated with
lower in-hospital mortality for patients with bacteremic
pneumococcal pneumonia. Clin Infect Dis 2003; 36: 389-95.
Karlstrom A, Boyd KL, English BK, McCullers A. Treatment with
protein synthesis inhibitors improves outcomes of secondary
bacterial pneumonia after influenza. J Infect Dis 2009; 199: 311-19.
Flannery B, Heffeman RT, Harrison LH, et al. Changes in invasive
pneumococcal disease among HIV-infected adults living in the era
of childhood pneumococcal immunization. Ann Intern Med 2006;
144: 1-9.

Musher DM. Pneumococcal vaccine—direct and indirect (“herd”)
effects. N Engl ] Med 2006; 354: 1522-28.

Albrich WC, Baughman W, Schmotzer, Farley MM. Changing
characteristics of invasive pneumococcal disease in metropolitan
Atlanta, Georgia after introduction of a 7-valent conjugate vaccine.
Clin Infect Dis 2007; 44: 1569-76.

Nahm MH, Lin J, Finkelstein JA, Pelton SI. Increase in the
prevalence of the newly discovered pneumococcal serotype 6C in
the nasopharynx after introduction of pneumococcal conjugate
vaccine. J Infect Dis 2009; 199: 320-25.

Ongkasuwan J, Valdez TA, Hulten KG, et al. Pneumococcal
mastoiditis in children and the emergence of multidrug-resistant
serotype 19A isolates. Pediatrics 2008; 122: 34-39.

Mufson MA, Stanek R]. Bacteremic pneumococcal pneumonia in
one American City: a 20-year longitudinal study, 1978-1997.

Am ] Med 1999; 107 (suppl): 34-43.

Brueggemann AB, Pai R, Crook DW, Beall B. Vaccine escape
recombinants emerge after pneumococcal vaccination in the United
States. PloS Pathog 2007; 3: €168.

www.thelancet.com Vol 374 October 31,2009



	Pathogenesis, treatment, and prevention of pneumococcal pneumonia
	Introduction
	Epidemiology
	Genetics and virulence of S pneumoniae
	Pneumococcal virulence factors
	Mechanisms of host recognition
	Immunology
	Clinical features
	Diagnosis
	Treatment
	Vaccine strategies
	Conclusions
	References


