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Community-acquired pneumonia (CAP) remains a leading cause ofmorbidity andmortality among the infectious diseases. Despite
the implementation of national pneumococcal polyvalent vaccine-based immunisation strategies targeted at high-risk groups,
Streptococcus pneumoniae (the pneumococcus) remains the most common cause of CAP. Notwithstanding the HIV pandemic,
major challenges confronting the control of CAP include the range of bacterial and viral pathogens causing this condition, the
ever-increasing problem of antibiotic resistance worldwide, and increased vulnerability associated with steadily aging populations
in developed countries. These and other risk factors, as well as diagnostic strategies, are covered in the first section of this review.
Thereafter, the review is focused on the pneumococcus, specifically the major virulence factors of this microbial pathogen and their
role in triggering overexuberant inflammatory responses which contribute to the immunopathogenesis of invasive disease. The
final section of the review is devoted to a consideration of pharmacological, anti-inflammatory strategies with adjunctive potential
in the antimicrobial chemotherapy of CAP. This is focused on macrolides, corticosteroids, and statins with respect to their modes
of anti-inflammatory action, current status, and limitations.

1. Overview of Community-Acquired
Pneumonia

1.1. Introduction. Community-acquired pneumonia (CAP)
is commonly described as an acute infection of the lung
parenchyma acquired in the community. It ismost commonly
bacterial in nature and is associated with clinical and/or
radiological evidence of consolidation of part or parts of
one or both lungs [1]. CAP is associated with a considerable
burden of disease in most regions of the world [2–6]. It is one
of the most important serious infectious diseases, accounting
for a considerable number of hospital admissions, with an
increasing incidence in many parts of the world and an
increasing rate of serious complications [7]. As part of the

burden of respiratory infections, CAP is well recognised to
be a leading cause of death among the infectious diseases
[6, 8]. The reason that CAP is so common relates to the very
high prevalence of specific risk factors for this infection in
patients worldwide [6]. While a myriad of microorganisms
may cause CAP, in reality a relatively small number of
pathogens predominate, in particular the bacteria, of which
Streptococcus pneumoniae (pneumococcus) is by far the most
common [7].

There is considerable concern about the emerging resis-
tance among the usual CAPpathogens to themost commonly
used antimicrobial agents. There are a number of important
decisions that need to be made with regard to the assessment
and management of patients with CAP, not least of which is
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an evaluation of the severity of the infection [6]. A number
of guidelines have been published worldwide, describing the
optimal treatment of patients with CAP, with the aim of
improving patient outcomes.

The remainder of this introductory overview of CAP
will focus on (i) burden of disease, (ii) risk factors, (iii)
microbiology, (iv) antimicrobial chemotherapy, (v) antibiotic
resistance, and (vi) assessment of severity of illness using clin-
ical scoring systems and laboratory biomarkers individually
and in combination.

1.2. Burden of Disease. CAP continues to be a cause of
considerable morbidity and mortality in most parts of the
world, being the most frequent infectious cause of death
in patients in the USA and throughout Europe [9]. Since
aging is a significant risk factor for this infection and
given that in many areas of the world, such as Europe, the
population is aging, an increase in incidence in the next
decades is anticipated [9]. The mechanism by which aging is
associated with a risk for CAP is multifactorial, not simply
related to chronological age, but frequently associatedwith (i)
underlying comorbid conditions that more commonly occur
in the aging population; (ii) a greater risk of being infected
with antibiotic-resistant pathogens; (iii) social factors; and
(iv) even place of residence [6]. Studies in the USA [2],
Europe [5], Latin America [3], and the Asia-Pacific region
[4] attest to the fact that CAP has a substantial clinical and
economic burden, a high rate of antibiotic resistance among
the pathogens, and a significant effect on both immediate
and long-term prognosis, as well as on the quality of life
of infected patients. Given this high burden of disease, it
is recommended that steps be taken to ensure appropriate
treatment, ongoing surveillance for antimicrobial resistance
among the common pathogens, and strategies, including
vaccination, to prevent these infections.

1.3. Risk Factors. As shown in the list below, there is a
considerable number of risk factors for CAP that exist in
populations all over the world, and most of these risk factors
are associated with an impairment of the efficacy of host
immune defence [7]. Many of these risk factors are also
associated with a greater mortality risk [6]. In addition to
aging, the common risk factors in adults are smoking, the
presence of various underlying comorbid conditions, includ-
ing chronic cardiorespiratory, renal and hepatic conditions,
and, at least in some regions of theworld, concomitant human
immunodeficiency virus (HIV) infection [7]. There is also
some evidence that male patients and those of certain racial
or ethnic groups may be at greater risk of pneumonia [6].

Risk factors for community-acquired pneumonia are as
follows:

(i) extremes of age (very young and the aging),
(ii) male gender,
(iii) certain populations (various racial or ethnic groups),
(iv) lifestyle factors (excessive alcohol consumption and

smoking),

(v) underlying comorbid conditions such as

(a) chronic cardiorespiratory illnesses,
(b) chronic renal disorders,
(c) hepatic conditions,
(d) diabetes mellitus,
(e) neoplastic diseases,
(f) human immunodeficiency virus infection,

(vi) medications (e.g., inhaled corticosteroids, proton
pump inhibitors),

(vii) additional risk factors associated with pneumococcal
infections in particular (e.g., myeloma, hypogam-
maglobulinemia (such as IgG2 deficiency), surgical
asplenia, or “functional” asplenia (such as in sickle cell
disease).

Smoking, both active and passive (particularly in chil-
dren), is a well-described risk factor for CAP, particularly
in HIV-infected persons, as well as for many other infec-
tious diseases, and this has been comprehensively reviewed
recently [10]. The main mechanisms for this predisposi-
tion relate to the suppressive effect that smoking has on
the protective actions of the airway mucociliary clearance
mechanism, on the various components of the innate and
adaptive immune systems of the host, as well as direct effects
on microbial pathogens that promote their virulence, and
possibly antibiotic resistance [10].

Several comorbid factors relate quite closely to the risk
of CAP and the possibility of more severe illness, as well
as to the likelihood of a worse outcome [6]. Among the
most common comorbid predisposing factors to CAP, as
mentioned above, are chronic obstructive pulmonary disease,
congestive cardiac failure, diabetes mellitus, a high intake of
alcohol, and smoking [6]. However, various other conditions,
including those of the neurological system, the liver, the
kidney, and also neoplastic disease, represent important risk
factors. More recently, there has been considerable interest
in the fact that inhaled medication (particularly inhaled
corticosteroids) appears to be a risk factor for CAP and this
has been reviewed elsewhere [11].

In a number of regions of the world, such as in sub-
Saharan Africa, concomitant infection with HIV represents a
major risk factor for CAP and has been extensively reviewed
elsewhere [12–14]. The spectrum of bacterial pathogens
causing CAP in HIV-infected patients is very similar to
that in HIV-uninfected patients with Streptococcus pneu-
moniae (pneumococcus) predominating [13]. The clinical
presentation of CAP in HIV-infected persons, particularly
pneumococcal CAP, is similar to that amongHIV-uninfected
patients except that the patients are frequently younger, of the
female sex, and have a greater frequency of respiratory symp-
toms [13, 14]. Furthermore, there is a similar spectrum of
disease severities, with the commonly used severity of illness
scores appearing to have an equivalent value in predicting
outcome compared to HIV-uninfected individuals. However,
when cases with bacteremic pneumococcal CAP are stratified
according to age and severity of illness, HIV-infected persons
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have been found to have a significantly higher mortality with
an increasing trend as theCD4 cell count decreases [14]. Some
investigators have therefore recommended that the decision
to admit HIV-infected patients with CAP to hospital should
be based on both the CD4 cell count and the severity of
illness, those with a CD4 cell count <200/𝜇L blood always
being admitted to hospital, and those with a higher CD4 cell
count being admitted to hospital if warranted according to
the severity of illness [12].

Recent studies have identified several mechanisms,
specifically the presence of gene polymorphisms, including
single nucleotide polymorphisms (SNPs) in genes encoding
proteins of the innate immune system, which contribute
not only to susceptibility for development of CAP, but also
to a worse outcome. For example, SNPs in the IL-6 gene,
specifically IL-6 174 G/G, have been reported to protect
patients with pneumococcal CAP against development of
ARDS, septic shock, and multiple organ dysfunction syn-
drome, resulting in less severe disease and lower mortality
[15]. In addition, investigation of the role of SNPs in the
genes encoding the surfactant proteins (SP) A, B, C, and
D revealed associations with both susceptibility for both
development of CAP andmore severe disease [16, 17]. Similar,
albeit statistically insignificant, findings were reported for SP-
A and SP-D in patients with pneumococcal CAP [17].

1.4. Microbiology of CAP. The most prominent organism
causing CAP is the pneumococcus, and this remains true
irrespective of the severity of infection across the spectrum
of outpatients, inpatients not in the intensive care unit (ICU),
and even cases with CAP requiring ICU admission [11, 18].
Studies in Europe, the USA, Latin America, the Asia-Pacific
region, and elsewhere attest to the fact that the pneumococcus
is consistently documented to be the most predominant
pathogen [2–5, 9]. Interestingly, while it is well described
that pneumococcal infections commonly complicate both
seasonal and pandemic influenza infections, more recently
it was documented that the pneumococcus was a common
bacterial coinfection in patients with influenza A H1N1
infection who were admitted to hospital with CAP [19–21].
In the former two studies, the pneumococcus was the most
common bacterial cause of bacterial co-infection, accounting
for 62% and 54.8% of cases, respectively, and being associated
with a greater risk of septic shock or need for vasopressors, as
well as increased need formechanical ventilation and a longer
ICU stay [20, 21].

Many recent studies of pneumococcal infection have
focussed on the issue of pneumococcal serotypes causing
disease, and the possible association of different serotypes
with disease severity, particularly in relation to the release
of the newer pneumococcal conjugate vaccines and the
extended indication for their use in adults [22–25]. While
earlier studies suggested that host factors may be more
important than isolate serotype in determining the severity
and outcome of pneumococcal infections [22], suggesting
that vaccination was unlikely to be associated with a change
in these end-points, more recent studies suggest that IPD
outcome is a serotype-related issue; for example, serotype 3

is more commonly associated with septic shock [24, 25].
When considering the likely benefit of vaccination, it also
remains important to consider the serotypes implicated in
nonbacteremic infections, which studies have suggested that
due to greater serotype distribution are less comprehensively
covered by currently available conjugate vaccines [26, 27].

After the pneumococcus, the next most common
pathogens are the so-called atypical pathogens, the respir-
atory viruses, and Haemophilus influenzae [11]. Among
the viruses, influenza predominates, but smaller numbers
of various other respiratory viruses are also documented
[11, 28, 29]. Less commonly, additional pathogens are
documented, particularly in cases with respiratory-related
comorbid illnesses. These include Staphylococcus aureus,
Pseudomonas aeruginosa, and the Enterobacteriaceae [11].
The pathogens causing CAP have been extensively reviewed
elsewhere [11].

1.5. Antimicrobial Chemotherapy of Bacterial CAP. On pre-
sentation of adultswith suspectedCAP, empiric antimicrobial
chemotherapy is initiated according to the relevant national
guidelines, with age, comorbidities, anddisease severity being
the primary determinants of the class of antibiotic(s) and
route of administration. In the case of outpatient therapy,
previously healthy patients who had not received antibiotics
during the 3-month period prior to presentation, monother-
apy with a macrolide or doxycycline is recommended by
the Infectious Diseases Society of America (IDSA)/American
Thoracic Society (ATS); in those with comorbidities and/or
prior recent use of antibiotics, the recommendation is
the combination of an antipneumococcal 𝛽-lactam and a
macrolide, or alternatively, a respiratory fluoroquinolone
[30]. In the case of inpatient therapy in the non-ICU setting,
the guidelines advocate the combination of a 𝛽-lactam and a
macrolide, or, alternatively, monotherapy with a respiratory
fluoroquinolone. In the case of patients admitted to intensive
care, the combination of a 𝛽-lactam with either a macrolide
or a respiratory fluoroquinolone is recommended [30].

Clearly, these therapeutic strategies can be reevaluated on
the basis of clinical response and acquisition of microbiolog-
ical and other laboratory data.

1.5.1. Combination Antibiotic Therapy. The rationale for
implementation of combination therapy (various combina-
tions, but most frequently a 𝛽-lactam with a macrolide) in
patients with severe CAP was largely based on a series of
observational studies, both retrospective and prospective,
conducted between 1999 and 2010, which demonstrated sig-
nificantly lower in-hospital or ICU mortality [31]. Although
the microbiological mechanisms underpinning the apparent
benefit of combination antibiotic therapy remain unknown,
activity of macrolides/fluoroquinolones/tetracyclines against
the atypical pathogens Chlamydia pneumoniae, Legionella
pneumophila, andMycoplasmapneumoniae, aswell as efficacy
in eradicating polymicrobial sepsis, have been proposed [32].
When considering these possible mechanisms, it is also
important to note that the benefit of adding a macrolide to
standard 𝛽-lactam therapy is particularly evident in sicker
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patients, such as those with severe sepsis due to pneumonia,
and in intubated patients [31, 33]. Benefit also extends to cases
infected with macrolide-resistant pathogens (e.g., macrolide-
resistant pneumococcal infections and even to cases with
gram-negative infections) [33]. The aforementioned studies,
as well as several others which failed to confirm a survival
benefit when comparing monotherapy with combination
therapy, have recently been extensively reviewed elsewhere
[34–37].

Clearly, the issue of optimum antimicrobial chemother-
apy of CAP remains to be resolved and will be dependent
on the acquisition of data from large, well-controlled mul-
ticentre, randomised clinical trials [37–39]. One such trial,
the CAP-START study, is currently underway in Holland
[38, 40]. This is a “multicentre, cluster randomised crossover
trial” involving seven Dutch hospitals and 2100 hospitalised
nonintensive care unit (ICU) patients. It is designed to com-
pare the therapeutic efficacy of (i)𝛽-lactammonotherapy; (ii)
𝛽-lactam/macrolide combination; and (iii) fluoroquinolone
monotherapy.The primary outcome is all-cause mortality 90
days after hospital admission [38, 40].

1.6. Antimicrobial Resistance. There is a considerable body
of literature devoted to the issue of antimicrobial resistance
among the common pathogens causing CAP, especially with
regard to the pneumococcus [41–44]. Many studies describ-
ing the burden of disease caused by CAP confirm that there
is emerging and increasing resistance among many of the
CAP pathogens, a phenomenon that is occurring worldwide
and which involves all classes of antimicrobial agents, to
a greater or lesser extent [2–5, 41]. Accordingly, it has
been recommended that the choice of empiric antimicrobial
therapy for patients with CAP must be based on prediction
of the most likely infecting pathogens together with a full
appreciation of the common antimicrobial susceptibility
patterns of these pathogens in a given geographical area (unit,
ward, or practice).

While it is clear that there is emerging resistance among
the CAP pathogens, and particularly the pneumococcus [42],
it remains unclear whether the presence of antimicrobial
resistance alone is associated with unfavourable treatment
outcomes [41]. There have been a number of studies and
various reviews discussing the issue of antibiotic resistance
in the management and outcome of pneumococcal CAP
[41, 45–49]. While there have been some studies that have
purported to document a higher mortality rate in patients
infected with penicillin-resistant compared with penicillin-
susceptible pneumococcal pneumonia [47], most other stud-
ies or reviews have not reached similar conclusions [41, 45,
46, 48, 49].

In a large study of 844 hospitalised cases with bacteremic
pneumococcal CAP, the authors failed to document penicillin
resistance as a risk factor for mortality [45]. Furthermore,
these authors noted that discordant therapy (receipt for the
first 2 days after the positive blood culture of a single antibi-
otic that was inactive against the pneumococcus isolated)
with penicillin, cefotaxime, or ceftriaxone did not result in
a higher mortality rate. Others has confirmed that resistance

to penicillins and third-generation cephalosporins have not
been associated with significant increased mortality [48].
One critical review of the literature documented only a single
microbiological failure of a parenteral penicillin-class antibi-
otic in the treatment of a patient with pneumococcal pneu-
monia [49]. Some have suggested that the patients who are
at risk for antibiotic-resistant pathogens (due to conditions
such as advanced age, or underlying comorbid conditions)
are those that may already have host risk factors for a higher
mortality [42]. It is, however, important to recognise that
changes in the breakpoint definitions for the penicillins and
third-generation cephalosporins have occurred since that
time [50] such that many of those pathogens previously
described as penicillin-resistant would now be considered
susceptible. Nevertheless, the previous recommendations
that therapy in these patients should continue with high-
dose penicillins and broad-spectrum cephalosporins is still
recommended in current guidelines [46, 49].

The situation with macrolides and fluoroquinolones is
less clear-cut [41, 46]. Macrolide resistance may be of low
level, associated with an efflux mechanism (mef gene), or of
high level, associated with ribosomal target site mutations
(erm gene), and while the latter has clearly been associated
with treatment failure, there have also been some cases of
failure with the former, although relatively small in number
[41, 46]. For this reason, it has been recommended that
awareness of pneumococcal macrolide resistance levels and
patterns in a given region, as well as the risk factors in indi-
vidual patients for macrolide resistance, clearly determine
the utility of macrolide monotherapy in the management of
pneumococcal CAP.With the respiratory fluoroquinolones, it
is clear that laboratory documented resistance is likely to be
associated with clinical failure, but what is less well known
is that organisms documented in the laboratory as being
susceptible, sometimes harbour one-step mutations in their
quinolone resistance-determining regions that may undergo
further mutations on therapy that may render them resistant
[41].

Clearly new options for the treatment of antibiotic resis-
tant pneumococcal infections are desirable, and to this end
several newer agents have recently been introduced which
have enhanced activity against resistant pneumococcal infec-
tions. This topic has been reviewed elsewhere and includes
a potential role for ceftaroline, linezolid, telavancin, and
tigecycline [51].

1.7. Severity of Illness. The severity of the infection dictates a
number of important issues in the management of patients
with CAP. Severity of illness determines the site of care (in-
or outpatient), the extent of the microbiological workup,
and the choice of initial empiric antimicrobial therapy [6].
Increased severity of infection is associated with greater
healthcare needs and costs. While to a large extent assess-
ment of severity of infection is still based primarily on
sound clinical judgment, researchers have been attempting
to develop mechanisms by which severity may be objectively
assessed, such as the use of clinical scoring systems, various
biomarkers, or by measuring microbial load.
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1.7.1. Severity of Illness Scoring Systems. A number of severity
of illness scoring indices have been developed to assist in
the evaluation of severity of pneumonia, of which the most
commonly used are the Pneumonia Severity Index (PSI)
and the CURB-65 [6, 7, 52, 53]. The PSI uses 20 variables
which include patient age, gender, presence or absence of
comorbid conditions, and/or vital sign abnormalities, as well
as various laboratory and radiographic parameters [6, 54].
The CURB-65 uses only 5 variables, namely, presence or
absence of confusion, urea >7mmol/L, respiratory rate ≥30
breaths/minute, low blood pressure (systolic <90mmHg or
diastolic ≤60mmHg), and age ≥65 years [6, 54]. With both
scoring systems, cases can be stratified into low-, moderate-,
or high-risk groups.ThePSIwas developed primarily to assist
in identifying those patients who could safely be managed
at home, whereas the CURB-65 was developed to document
patients that were more severely ill, including those who
needed to be flagged for ICU admission [55]. One of the
advantages of the CURB-65 scoring system is that it is easy to
use, but a limitation is that it may underestimate pneumonia
severity in younger patients with comorbidities [55]. The PSI
has beenwell validated andperformswell in the assessment of
low mortality risk patients, but it is complex to calculate and
requires the evaluation of a number of laboratory parameters
that potentially limits its use outside a hospital [55].

A number of additional scoring systems have also been
developed, including those designed for the assessment of
more severely ill cases, particularly those cases flagged for
ICU admission, including the IDSA/ATS criteria, SMART-
COP, PIRO-CAP, and SCAP, which appear to have better
discriminatory values than PSI or CURB-65 in this situation
[7, 54–56]. Each of the scoring systems that have been
developed has various strengths and potential weaknesses so
that no system is ideal, being unable to identify all patients
at risk, or to replace clinical judgment; nonetheless, they
are useful adjuncts for assessing cases [6, 53, 55]. Also of
concern is that the scoring systems have been developed
for assessment of patients on admission only and there is
clearly a need for evaluating patients during the course of
their hospitalisation, particularly in the setting of clinical
deterioration [53].

1.7.2. Biomarkers. More recently, a number of biomarkers
has been tested to determine their ability to stratify risk in
patientswithCAP, sometimes as an adjunct to clinical scoring
systems [7, 55]. Among these are inflammatorymarkers, such
as the white blood cell count, acute phase reactants, such
as C-reactive protein (CRP), cytokines, such as interleukin-
1 and tumour necrosis factor-𝛼, stress hormones, and various
othermolecules [6, 53, 55].Of these, C-reactive protein (CRP)
and procalcitonin (PCT) have been particularly well studied
and have been reported in many studies to be useful tools,
sometimes with an accuracy similar to that of CURB-65 or
one of the other scoring systems, increasing the accuracy of
severity assessment when used in combination with these
scoring systems [7, 55, 57]. CRP, for example, is universally
available and in some studies has been shown to have value
in site-of-care decisions in predicting 28-day mortality, and

in the prediction of treatment failure [7, 55]. PCT has been
shown in some studies to be more useful than CRP in
predicting severity and outcome in patients with CAP but
is not widely available in many healthcare systems, possibly
because of its much higher cost [7, 55]. It has been said that
PCT should be considered to be a prognostic indicator rather
than a diagnostic factor, but there is evidence that itmay safely
help reduce the unnecessary use of antibiotics, reducing bac-
terial resistance and curbing healthcare costs without increas-
ing mortality [57–60]. Other biomarkers include proatrial
natriuretic peptide (proANP), B-type natriuretic peptide
(BNP), provasopressin (proVP), adrenomedullin (ADM),
proadrenomedullin (proADM), arginine vasopresine (AVP),
cortisol, D-dimers, copeptin, and soluble triggering receptor
expressed on myeloid cells-1 (TREM-1) [7, 53, 55].

1.7.3. Bacterial Load. A number of recent studies has docu-
mented that the pneumococcal bacterial DNA load correlates
well with the severity of infection and has prognostic value,
thus confirming a concept that has long been proposed,
and which has become more accurate with the acquisition
of more reliable assays [41, 47]. It has also been suggested
that repeated measurements of the bacterial DNA load
can accurately monitor treatment progress; however, more
studies are needed to confirm these findings [41].

1.8. Clinical Outcome and Mortality

1.8.1. Clinical Stability/Failure. The evaluation of the clinical
outcome of a patient with pneumonia is an important
aspect of medical care and has been reviewed elsewhere
[61]. Achievement of clinical stability dictates important
management issues such as change from intravenous to oral
therapy, the timing of hospital discharge, and assessment of
likely patient outcome. A number of risk factors for clinical
failure have been identified, but most do not recognize
pneumococcal aetiology as an important issue [61]. For
example, in one study even the presence of pneumococcal
bacteraemia did not increase the risk of poor outcome [62].

1.8.2. Mortality. Respiratory tract infections, of which CAP
plays a large role, are a major cause of death worldwide
[8]. While many of the studies of CAP mortality have
concentrated on in-hospital or 30 day mortality, others have
evaluated long-term mortality (e.g., over a one-year period).
One such study in older patients noted a hospital mortality
of 11% versus 5.5% in controls (case controls matched for age,
gender, race), while the one-year mortality was 40.9% versus
29.1%, respectively [52, 63]. Prior to that and subsequently,
there has been a myriad of additional studies documenting
high long-term mortality in patients with CAP [64]. One
study documenting high long-term morbidity and mortality
in CAP patients noted that it occurred particularly in those
cases with high initial PSI scores [65]. Althoughmany predis-
posing mechanisms have been documented, the presence of
cardiovascular disease [66] and other comorbid conditions,
including HIV infection, the subsequent documentation of
primary or secondary neoplasms, and alterations in immune
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function predominate [64]. Cardiovascular events are among
the most studied, with a number of reports documenting
an increased risk of cardiovascular events during and after
serious infections, such as CAP [64, 67–69].

The remaining sections of this review are focused on
(i) the major virulence determinants of the pneumococcus,
the most common cause of CAP, and their involvement in
triggering harmful inflammatory responses [70–113] and (ii)
control of these using pharmacological, anti-inflammatory
strategies.

2. Virulence Determinants of S. pneumoniae

S. pneumoniae colonises the human nasopharynx during
the first few months of life. The human airway employs
numerous mechanisms to protect the airways from coloni-
sation and invasive pneumococcal infection. In the case of
innate immune defences, these include the cough reflex,
the mucociliary escalator, and a range of pattern recog-
nition receptors (PRRs) [100]. The PRRs include Toll-
like receptors (TLRs), nucleotide-binding oligomerisation
domain receptors (NOD-like receptors, NLRs), RIG-1-like
receptors (RLRs), and the manifold cytosolic DNA sensors
(reviewed in [114]). PRRs recognize pathogen-associated
molecular patterns (PAMPs). In addition, infected cells,
or cells which are stressed, release host-derived molecules
known as damage-associated molecular patterns (DAMPs)
or alarmins. During an infection, DAMPs and PAMPs have
been shown to synergize leading to synthesis and secretion of
proinflammatory cytokines and chemokines, including IL-1𝛽
and IL-8, as well as stimulating cell differentiation and cell
death [115].

Although these mechanisms protect the airways from
S. pneumoniae, antibody-mediated mechanisms, and cell-
mediated immunity are critical in clearing the lower airways
of this pathogen. Cell-mediated resolution of nasopharyngeal
colonisation involves both Th1 and Th17 responses [116, 117]
triggered by a variety of surface virulence determinants such
as the bacterial capsule, pili, and other adhesins, as well as the
toxin, pneumolysin.

The major virulence determinants and mechanisms of
subversion of host defences by S. pneumoniae are sum-
marized in Table 1 [70–113]. The most significant of these
virulence factors are described in more detail below.

2.1. Capsular Polysaccharide. The anti-phagocytic polysac-
charide capsule is considered to be the main determinant of
pneumococcal virulence and is essential for colonisation of
the nasopharynx [71, 72, 84]. Ninety-two different capsular
serotypes have been identified [100]. Capsular morphology
alternates between two distinct phases known as the trans-
parent and opaque phenotypes [118]. Relative to the opaque
variant, the transparent phenotype has decreased capsular
thickness and expresses less pneumococcal surface protein
A (PspA) in the setting of a higher level of expression of
the major adhesin, choline-binding protein A (CbpA), and
the autolysin, LytA, favouring adhesion and colonisation
[119]. A further decrease in capsular thickness precedes the

transition from colonisation to invasion of the epithelium
[120, 121]. The opaque form is the main variant found in
the circulation. This highly phagocytosis-resistant variant
has increased capsular thickness and expression of PspA,
in the setting of decreased expression of CbpA, favouring
extrapulmonary dissemination [119].

Cell-wall fragments and capsular polysaccharides of S.
pneumoniae are recognised and bound by antibodies which
in turn bind complement [84], with C1q binding correlating
closely with the deposition of C3b and C3bi on the bac-
terial surface [122]. Capsular serotypes differ with respect
to invasiveness, due mainly to differences in complement
deposition on the capsular polysaccharide, as well as binding
of complement factor H [123].

S. pneumoniae has been found to grow in chains of
variable length and, in addition to capsular polysaccharide,
longer chains appear to favour adherence and colonisation
[124].

2.2. Pneumococcal Pilus. Pili also promote pneumococ-
cal virulence. These are only expressed by certain strains
and enable the bacteria to survive in the lung and to
bind to epithelial cells [74]. Pileated strains also induce a
greater TNF-dependent inflammatory response, increasing
the potential to produce lung injury and invade host tissue
[73].

2.3. Biofilm. Although the ability of S. pneumoniae to grow
and persist as biofilms does not appear to reflect virulence
potential [125], it remains advantageous, as biofilm-encased
bacteria show a reduced susceptibility to antimicrobial agents
and resistance to immune recognition. Domenesch and
colleagues have shown that there is reduced phagocytosis
of pneumococcal biofilms due to impaired deposition of
C3b. Biofilm formation by S. pneumoniae is also effective in
preventing not only activation of the classical complement
pathway due to reduced binding of C-reactive protein and
the complement component C1q, but also by suppressing
the pneumococcal surface protein C-(PspC-) dependent
activation of the alternative complement pathway [78].

Recent studies suggest that biofilms do not contribute
to the development of invasive pneumococcal disease, but,
rather appear to confer a quiescent mode of growth during
colonisation [101]. The role of the capsular polysaccharide in
biofilm formation has not yet been determined conclusively,
although the absence of the capsular polysaccharide was
reported in one study to favour biofilm formation [126];
however, another study showed that decreased capsular
polysaccharide formation was associated with decreased
biofilm production [78]. A recent study has shown that
augmentation of pneumococcal biofilm formation due to
cigarette smoking is likely to favour microbial colonisation
and persistence [127].

2.4. Hydrogen Peroxide (H
2
O
2
). The pneumococcus is a

major producer of H
2
O
2
as a consequence of the activity

of pyruvate oxidase, which is surprising, given that this
catalase-negative pathogen is ill equipped to detoxify this



Mediators of Inflammation 7

Table 1: Virulence determinants of S. pneumoniae and mechanisms of subversion of host defences.

Virulence factor Function

Capsule
(i) Prevents entrapment in nasal mucus [70]
(ii) Exhibits antiphagocytic activity [71]
(iii) Facilitates adherence and colonisation of nasopharyngeal epithelial cells [72]

Pili Enhances bacterial adhesion and ability to cause invasive disease [73, 74]

Pilus subunit (RrgA)
(i) Binds fibronectin, collagen I, and laminin [75]
(ii) Prevents CR3-mediated phagocytosis [76]
(iii) TLR2 agonist [77]

Biofilm (i) Reduces susceptibility to antimicrobial agents [78]
(ii) Prevents recognition and phagocytosis by the immune system [78]

H2O2

(i) Causes ciliary slowing and epithelial damage [79]
(ii) Facilitates colonisation of nasopharyngeal epithelial cells [80]
(iii) Bactericidal action against competing bacteria [81]

Pneumolysin

(i) Binds to cytoplasmic membrane cholesterol [82]
(ii) Disrupts integrity of epithelial monolayer [83]
(iii) Exhibits cytolytic activity [84]
(iv) Modulates host inflammatory and immune responses [85]

Autolysin (LytA) (i) Involved in autolysis resulting in the release of pneumolysin [86, 87]
(ii) Facilitates colonisation of nasopharyngeal epithelial cells [88]

Choline binding protein A (CbpA) (i) Promotes adhesion to human cell conjugates [83]
(ii) Binds laminin [89]

Choline binding protein E (CbpE) Mediates attachment to plasminogen [90]

Pneumococcal surface protein A (PspA) (i) Inhibits complement-dependent phagocytosis [91]
(ii) Binds lactoferrin [92]

Pneumococcal surface protein C (PspC) Inhibits deposition of the terminal complement complex [93]
Pneumococcal adherence and virulence factor A
(PavA) Mediates attachment to plasminogen [94, 95]

Pneumococcal adherence and virulence factor B
(PavB) Mediates attachment to plasminogen and fibronectin [96]

Pneumococcal surface adhesin A (PsaA) (i) Binds E-cadherin [97]
(ii) Facilitates invasion of nasopharyngeal epithelial cells [98]

Plasmin and fibronectin binding protein A (PfbA) Mediates attachment to plasminogen and fibronectin [99]

Pneumococcal serine-rich repeat protein (PsrP) (i) Facilitates adherence to nasopharyngeal epithelial cells [100]
(ii) Mediates biofilm production [101]

Putative histidine triad protein (PhpA) Degrades C3 [102]

Neuraminidase (sialidase)
(i) Facilitates adherence and colonisation of nasopharyngeal epithelial cells
[92, 103–105]
(ii) Mediates biofilm production [103, 106]

Hyaluronidase (i) Facilitates colonisation of nasopharyngeal epithelial cells [84]
(ii) Aids the dissemination of the bacteria [84]

Endonuclease A (EndA) Degrades neutrophil extracellular traps [107, 108]

Zinc metalloproteinase (ZmpB) (i) Induces TNF production in the respiratory tract [109]
(ii) Cleaves secretory IgA [110]

Streptococcus-specific glycosyl hydrolase (GHIP) Facilitates invasion of nasopharyngeal epithelial cells [111]
ClpP protease Induces apoptosis [112]
Ser/Thr kinase (StkP) Regulator of cell division [113]
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oxidant [128]. The pneumococcus not only utilises H
2
O
2

as a virulence factor, causing significant damage to ciliated
respiratory epithelium and impaired protective activity of the
mucociliary escalator [79], but also to eliminate microbial
competitors in the nasopharynx [81]. In addition, pyruvate
oxidase has been reported to act as a sensor of the oxygena-
tion status of the microbial environment, regulating both
nutritional capability and thickness of the anti-phagocytic
capsule [129].

2.5. Surface Proteins. The adherence and colonisation of host
tissues by the pneumococcus is mediated by surface adhesins
and enzymes [83, 84] which are also important virulence
factors of S. pneumoniae. The most significant of these are
described below.

2.5.1. Autolysins. Autolysins are cell-wall degrading pro-
teases. These enzymes break down the peptidoglycan back-
bone enabling cell growth and cell division. However, exces-
sive activity of autolysins results in the degradation of the cell-
wall leading to cell lysis [86, 87]. N-acetylmuramic acid L-
alanine amidase, also known as LytA amidase, is the major
autolysin of S. pneumoniae [130]. The lysis of a portion of
the bacterial cell-wall by LytA may increase the virulence of
S. pneumoniae by promoting the release of potentially lethal
toxins such as pneumolysin [84, 86].

Three other cell-wall hydrolytic enzymes have been iden-
tified viz. LytB, LytC, and choline binding protein E (CbpE)
[84], all of which have been associated with nasopharyngeal
colonisation [88].

2.5.2. Choline Binding Protein A. Choline binding proteins
(Cbp) have a C-terminal binding module followed by a flexi-
ble proline-rich segment and a functionalN-terminalmodule
[83]. CbpA binds to terminal choline residues of teichoic or
lipoteichoic acids present on the surface of S. pneumoniae,
anchoring the pathogens to human cell glycoconjugates,
favouring the transition from colonisation to invasion [83].

2.5.3. Pneumococcal Surface Protein A. Pneumococcal sur-
face protein A (PspA) is also an important virulence factor of
S. pneumoniae, inhibiting deposition of C3b on the bacterial
surface, thereby interfering with complement activation and
complement-dependent phagocytosis [91]. PspA also binds to
and interferes with lactoferrin, increasing the availability of
free iron required for bacterial growth [92].

2.5.4. Pneumococcal Adherence and Virulence Factors A and
B. The adhesins, PavA and B of S. pneumoniae, promote the
invasion of host cells and dissemination of the pneumococ-
cus. PavA has been shown to bind to the extracellular matrix
component, fibronectin, while PavB binds both fibronectin
and plasminogen. These adhesive effects are mediated by
repetitive sequences designated streptococcal surface repeats
(SSURE) [95, 96]. It has been suggested that PavA may affect
pneumococcal colonisation by modulating the expression or
function of virulence factors of S. pneumoniae [95].

2.5.5. Neuraminidase. Three forms of neuraminidase have
been identified in pneumococci, these being designated as
NanA [105, 131], NanB [104, 131], and NanC [131]. Neu-
raminidaseA cleaves terminal sialic acid from cell surface
glycans such as mucin, glycolipids, and glycoproteins [131],
with resultant exposure of binding sites on the host cell
surface contributing to pneumococcal adhesion and coloni-
sation [83, 104, 105, 132]. NanA also plays an important role in
biofilm formation [92, 95]. NanB is involved in the metabolic
utilisation of sialic acid as a carbon and energy source by the
pneumococcus, while NanC has a regulatory role [131, 133].

2.5.6. Hyaluronidase. Hyaluronidase is secreted by pneumo-
cocci and breaks down the hyaluronic acid component of host
connective tissue and extracellular matrix [84]. Increased
epithelial permeability caused by the action of hyaluronidase
favours the spread and colonisation of S. pneumoniae [84],
especially when acting in concert with pneumolysin [134].

2.5.7. Pneumolysin. The pneumococcal protein toxin, pneu-
molysin, is a member of the family of thiol-activated
cytolysins and a critical virulence factor of the pathogen [85].
The toxin binds to cholesterol in the cytoplasmic membrane
of eukaryotic cells, followed by insertion into the membrane,
leading to the formation of large pores and cytolysis [83,
84]. In the early stages of infection, pneumolysin promotes
nasopharyngeal colonisation via its inhibitory effects on
ciliated respiratory epithelium [83]. In addition, the toxin has
been shown to disrupt tight junctions thereby disrupting the
integrity of the epithelialmonolayer favouring invasiveness of
the pathogen [82].

At high, cytotoxic concentrations, pneumolysin may also
inhibit the protective functions of cells of both the innate and
adaptive immune systems, as well as maturation of dendritic
cells [135].However, at lower noncytolytic concentrations, the
toxin possesses proinflammatory activity as a consequence of
sublytic pore formation and influx of Ca2+ into immune and
inflammatory cells. This, in turn, causes hyperactivation of
phagocytes, induction of proinflammatory cytokine produc-
tion, and activation of the inflammasome, all of which are
potentiated by the complement-activating properties of the
toxin (as described below).

3. Harmful Effects of Excessive Activation of
Antipneumococcal Host Defences

During pneumococcal CAP, a high bacillary load, aggra-
vated by the implementation of antimicrobial chemother-
apy with bactericidal agents which promote disintegra-
tion of the pathogen, results in excessive release of pro-
inflammatory bacterial cell-wall products, toxins, and DNA.
The consequence of these events is hyperactivation of
host defence mechanisms, posing the potential threat of
inflammation-mediated pulmonary damage and extrapul-
monary spread of the pneumococcus.Themajor contributors
to overexuberant inflammatory responses include (i) the pro-
inflammatory, pore-forming interactions of pneumolysin
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with neutrophils, macrophages, and epithelial cells, poten-
tiated by complement-activating properties of the toxin;
(ii) the interactions of pneumolysin, lipoteichoic acid, pro-
teoglycan, and DNA with PRRs, especially on cells of the
innate immune system and epithelial cells; (iii) inappropriate
induction of neutrophil extracellular trap (NET) formation
by pneumococcal 𝛼-enolase and possibly pneumolysin and
H
2
O
2
; and (iv) possible inappropriate oxidative activation of

redox signalling mechanisms in immune and inflammatory
cells by pneumococcal H

2
O
2
.

3.1. Pneumolysin-Mediated Mechanisms. In addition to
directly causing acute lung injury as a consequence of its
cytotoxic effects on airway epithelium and endothelium
[136], pneumolysin, via its complement-activating activities
and sub-lytic, pore-forming interactions with neutrophils
and macrophages, also potentiates the release of reactive
oxygen species (ROS), granule proteases, leukotriene B4,
and prostaglandin E2 by promoting the movement of
extracellular Ca2+ into the cells [137, 138]. As a result of
Ca2+ influx, several intracellular signalling cascades are
activated. These involve p38 and mitogen-activated protein
kinases, transforming growth factor-𝛽-activated kinase
1-mitogen-protein kinase 3/6-p38 𝛼/𝛽, Ca2+-calcineurin,
nuclear factor kappa B (NF𝜅B), and activator protein 1
(AP-1) [139–142]. The consequence is increased production
of IL-8 and TNF, both of which promote neutrophil influx
into the airways [140–143]. In addition, pneumolysin also
activates the NLRP3 inflammasome in dendritic cells, and
presumably other immune and inflammatory cell types,
thereby potentiating caspase-1-mediated conversion of
pro-IL-1𝛽 to the mature cytokine [144].

The aforementioned direct cytolytic actions of pneu-
molysin, acting in concert with the indirect proinflammatory
activities of the toxin, promote the epithelial/endothelial
damage which favours dissemination of the pneumococcus.

3.2. Pattern Recognition Receptors. The interactions of the
pneumococcus with the various PRRs expressed by cells of
the innate immune system, as well as epithelial cells, have
been the subject of a recent review [114]. Pneumococcal
cell wall components, pneumolysin, and DNA have all been
reported to interact with, and activate, several different
types of PRRs. In the case of the Toll-like receptors (TLRs),
lipoteichoic acid, and, possibly proteoglycan, are TLR-2
ligands [114], pneumolysin has been reported to interact with
and activate TLR-4 [145], while pneumococcal CpG-motif-
containing DNA is detected by TLR-9 [114]. In each case,
triggering of TLRs is accompanied by activation of NF𝜅B
and synthesis of proinflammatory chemokines/cytokines,
especially IL-8 and TNF [114].

In addition, pneumococcal proteoglycans are recognised
by and activate the nucleotide oligomerisation domain-like
receptor, Nod2 [114], while microbial DNA is detected by
the abundant cytosolic sensors of pathogen-derived nucleic
acid [146, 147]. The consequence of these events is activation
of NF𝜅B, as well as the interferon regulatory transcription
factors 3 and 7 (IRF 3/7) [114].

3.3. Induction of Neutrophil Extracellular Traps (NETs). NET
formation is a postactivation strategy used mainly by dead
and dying neutrophils and several other cell types including
monocytes/macrophages and eosinophils, to isolate and kill
microbial pathogens by trapping them in an extracellular
matrix of citrullinated histones impregnated with antimicro-
bial granule proteins [148]. In the case of the pneumococcus,
pathogen-derived 𝛼-enolase has been reported to induce
NET formation following exposure of neutrophils to the
pathogen [149]. Although unproven, it seems probable that
pneumolysin and pathogen-derived H

2
O
2
are also potential

inducers of NET formation. However, as opposed to being
an effective antipneumococcal host defence mechanism, the
pneumococcus appears to be particularly adept at escaping
from NETs [150], apparently as a consequence of production
of the endonuclease, End A, which mediates degradation
of NETs [107]. In addition to subverting NETs, the pneu-
mococcus may also exploit poorly regulated NET formation
as a strategy to promote invasion and dissemination due
to epithelial and endothelial cytotoxicity mediated by the
histone components of NETs [151].

3.4. Hydrogen Peroxide. While its role in microbial viru-
lence is well established, the involvement of pneumococcus-
derived H

2
O
2
in activating harmful inflammatory responses

during CAP and other infections remains to be established.
This seems likely, however, as cell-permeableH

2
O
2
is a potent

activator of redox intracellular signalling mechanisms in
many cell types, including those of the innate and adaptive
immune systems [152, 153].

These various mechanisms of hyperactivation of inflam-
matory responses operative during pneumococcal CAP are
summarised in Table 2.

4. Adjunctive Anti-Inflammatory Therapeutic
Strategies in Severe CAP

The primary objective of adjunctive pharmacological strate-
gies in severe CAP, especially severe pneumococcal disease,
is to suppress overexuberant, harmful, pathogen-activated
inflammatory responses, thereby attenuating inflammation-
mediated pulmonary damage and dysfunction. In this set-
ting, the three categories of anti-inflammatory agents which
have attracted the greatest interest are macrolides, corticos-
teroids, and, more recently, statins [31, 32, 34–39]. Other
categories of anti-inflammatory agent which remain largely
untested, include the various types of 3󸀠-5󸀠-cyclic adenosine
monophosphate- (cAMP-) elevating agents, as well as non-
steroidal anti-inflammatory agents (NSAIDs) [34].

4.1. Macrolides. Despite the absence of irrefutable proof of
efficacy, the inclusion of macrolides in the current guideline
recommendations for the therapy of CAP can be justified on
several grounds. Notwithstanding their primary antimicro-
bial activities, which complement those of 𝛽-lactams in the
treatment of CAP, macrolides possess well-recognised anti-
inflammatory properties.These are both pathogen- and host-
directed and have recently been reviewed in detail elsewhere



10 Mediators of Inflammation

Table 2: Causes of overexuberant inflammatory responses during pneumococcal CAP.

Cause Consequence

Excessive release of pneumolysin Uncontrolled complement activation; hyperactivation of phagocytes and
epithelial cells due to the noncytolytic, pore-forming actions of the toxin

Excessive release of bacterial cell-wall products (e.g.,
lipoteichoic acids and DNA), especially during
chemotherapy with bactericidal agents

Sustained activation of various types of pathogen recognition receptors on/in
cells of the innate immune system and epithelial cells, resulting in poorly
regulated production of neutrophil-mobilising chemokines/cytokines

Poorly controlled formation of NETs with limited
protective activity

Histone-mediated epithelial and endothelial toxicity, favouring
extrapulmonary spread of the pneumococcus

Excessive release of cell-permeable, proinflammatory
H2O2 by the pneumococcus

Uncontrolled activation of redox intracellular signalling mechanisms in cells
of the innate and adaptive immune systems, as well as other cell types. The
existence of this mechanism remains to be established

[34, 35]. Briefly, the pathogen-targeted anti-inflammatory
activity of macrolides is achieved via the inhibitory effects
of these agents on bacterial protein synthesis, thereby atten-
uating the production of pro-inflammatory toxins, such as
pneumolysin in the case of the pneumococcus [35, 154]. In
addition, abrupt bacteriolysis and accompanying excessive
inflammation due to release of cell-wall components and
endotoxins, as may occur with bactericidal antibiotics, are
also countered by the predominantly bacteriostatic activity of
macrolides [35].

The primary target of the secondary anti-inflammatory
properties of macrolides, unrelated to antimicrobial activ-
ity, is neutrophil recruitment. Macrolide-mediated inhibi-
tion of neutrophil mobilisation is achieved predominantly
via inhibition of production of the neutrophil-mobilising
cytokines/chemokines IL-8, IL-17, and TNF, not only by cells
of the innate immune system, but also by various types
of structural cells [35, 155]. Although not fully understood,
these inhibitory effects of macrolides on the synthesis of pro-
inflammatory cytokines/chemokines appear to be achieved at
the level of gene transcription. This results from antagonism
of transcription factors such as nuclear factor kappa B
(NF𝜅B), possibly via (i) interference with redox signalling
mechanisms; and (ii) enhancement of histone deacetylase
activity [35, 156–158].

The beneficial therapeutic activities of these various
pathogen- and host-directed anti-inflammatory activities
of macrolides are evident in several chronic inflammatory
diseases of the airways, particularly bronchiolitis obliterans,
diffuse panbronchiolitis, and cystic fibrosis, and possibly
chronic obstructive pulmonary disease (reviewed in [35]).
Although difficult to prove conclusively, several lines of
evidence, both clinical and experimental, also support the
involvement of the anti-inflammatory activities ofmacrolides
in controlling severe sepsis and/or inflammation-mediated
lung injury in acute bacterial infection. This contention is
supported by at least two noteworthy studies. The first of
these reported that the use of macrolides was associated
with decreased mortality in patients with pneumonia and
severe sepsis, even in patients infected with macrolide-
resistant pathogens, such as gram-negative organisms [33].
The second study, which was undertaken in patients with
predominantly macrolide-resistant gram-negative sepsis and

ventilator-associated pneumonia (VAP), reported that intra-
venous administration of clarithromycin (1 gram/daily) for
3 days resulted in accelerated resolution of VAP and ear-
lier discontinuation of mechanical ventilation, as well as
delaying, but not preventing, mortality [159]. More recently,
administration of a macrolide within 24 hours of trial entry,
but not 𝛽-lactam or fluoroquinolone antibiotics, to patients
with acute lung injury secondary to pneumonia in most
cases, was associated with significant decreases in both 180
day mortality and time to successful discontinuation of
mechanical ventilation [160].

The beneficial anti-inflammatory activities of macrolides
and macrolide-like antimicrobial agents have also been
demonstrated in various animal models of experimental
chemotherapy of acute bacterial infection (reviewed in [35]).
In one such study reported by Karlström et al., using
a murine model of pneumococcal pneumonia secondary
to influenza virus infection, treatment of animals with
either azithromycin or clindamycin alone or in combination
with ampicillin resulted in significantly improved survival
compared to animals treated with ampicillin only [161].
These beneficial effects of azithromycin/clindamycin were
associated with decreased concentrations of airway pro-
inflammatory cytokines and influx of inflammatory cells in
the setting of less severe histopathological changes [161].

Because macrolides combine pathogen- and host-
directed anti-inflammatory activities, therapy with these
agents appears to be an ideal adjunctive strategy in severe
CAP, possibly in a subset of patients at risk for development
of ALI. Nonetheless, widespread acceptance of an adjunctive
role for macrolides in this clinical setting is dependent
on the acquisition of compelling data from prospective,
randomised, controlled clinical trials [36–39, 162, 163].

4.2. Corticosteroids. Corticosteroids (CS) are broad-spec-
trum anti-inflammatory agents, but unlike macrolides, they
are less effective in targeting neutrophils [164]. Although an
adjunctive role for systemic CS in the clinical management of
adults with penicillin-susceptible pneumococcal meningitis
is well recognised [165], their role in the adjunctive therapy
of severe CAP remains unproven. Several relatively small
prospective/retrospective trials conducted between 2005 and
2007 in hospitalised patients with severe CAP, receiving
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systemic CS at doses varying from 40 to 200mg/daily for
periods of 3 days and longer, reported beneficial effects of
these agents on, amongst others, duration of hospital stay,
and mortality [166–168]. However, this adjunctive promise
of systemic CS was not confirmed in several more recent
studies. In a large randomised, double-blinded, placebo-
controlled trial, Snijders et al. failed to detect beneficial effects
of systemic administration of prednisone (40mg/daily for 7
days) on outcome in patients with CAP, with the frequency
of late failure (>72 hours after hospital admission) being
significantly (𝑃 < 0.04) more common in CS-treated patients
[169]. In agreement with these findings, Polverino et al., in
a retrospective study covering an approximately 10.5 year
period involving 3257 patients who received a mean systemic
CS daily dose of 45mg for varying periods of time, reported
that administration of CS did not influence either clinical
stability or mortality [170]. Somewhat worryingly, however,
administration of CS significantly prolonged hospital stay (9
versus 6 days, 𝑃 < 0.01) [170].

In contrast, Meijvis et al. reported that systemic admin-
istration of dexamethasone, at the comparatively low dose
of 5mg/daily for 4 days from the time of admission, to
nonimmunocompromised patients who did not require ICU
admission, was associated with a significant decrease in
length of hospital stay (7.5 versus 6.5 days 𝑃 < 0.048) [171].
These observations suggest that the dose of the systemic
CS and the immune status of the patient are potential
determinants of the success of adjunctive therapy with CS
in patients with CAP. In addition, the type of pathogen may
also be a determinant of successful outcome of CS therapy,
with infections caused by atypical pathogens, as opposed to
those caused by S. pneumoniae, being more responsive to the
beneficial actions of CS [172].

However, as concluded in a recent meta-analysis, conclu-
sive proof of the role, if any, of systemic CS in the adjunctive
therapy of severe CAP is dependent on the acquisition of
compelling data from adequately powered randomised trials
[173]. Three such studies are ongoing, one in the USA
(Extended Steroids in CAPe-ESCAPe, projected completion
date January 2017) [174] and two in Europe [38].

4.3. Statins. Statins is the collective term for a group
of pharmacological inhibitors of the enzyme, 3-hydroxy-
3-methylglutaryl coenzyme A reductase, used to control
hypercholesterolemia in the prevention of cardiovascular
diseases and stroke. In addition to their cholesterol-lowering
properties, statins have also been reported to possess signifi-
cant anti-inflammatory activities which have been attributed
to two major mechanisms. Firstly, interference with the
prenylation of the small G-proteins Rac, Ras, and Rho,
thereby attenuating G-protein-coupled receptor cellular sig-
nalling and activation in a variety of cell types, including
immune and inflammatory cells [175–177]. The consequence
is decreased activation of NF𝜅B and resultant interference
with the transcription of genes encoding various proinflam-
matory proteins such as inducible nitric oxide synthase,
cyclooxygenase-2 and matrix metalloproteinase-9 [176, 178].
Secondly, via induction of heme oxygenase-1 expression, also

resulting in attenuation of activation of NF𝜅B, as well as
decreased production of ROS in the setting of increased
production of anti-inflammatory IL-10 [178, 179].

Interestingly, a number of predominantly retrospective
studies conducted between 2005 and 2011 have reported that
statin use in the prevention of cardiovascular diseases is
associated with improved outcome of patients with CAP,
possibly as a consequence of the anti-inflammatory activities
of these agents. In the majority of these studies, which have
recently been reviewed by Corrales-Medina and Musher
[36], statin use was associated with an approximately 50%
reduction in mortality. In addition to these, Doshi et al. in a
retrospective study of patients (𝑛 = 347) with pneumococcal
pneumonia, whopresented at a singlemedical center between
2000 and 2010, reported that statin use, as opposed to
administration of macrolides, was associated with decreased
mortality 4, 14, 20, and 30 days after admission [39]. These
findings suggest a mechanism in addition to those men-
tioned above by which statins may protect against invasive
pneumococcal diseases. By decreasing plasma membrane
concentrations of cholesterol in epithelial, endothelial, and
immune/inflammatory cells, statins may restrict the binding
of pneumolysin, thereby attenuating both the cytotoxic and
pro-inflammatory activities of the toxin.

Although of considerable potential importance, the afore-
mentioned studies have several significant limitations: (i)
they do not address the adjunctive potential of statins admin-
istered at the time of presentation with CAP; (ii) concomitant
use of statins may obscure the therapeutic potential of
macrolides and CS; and (iii) statin use may be associated
with a “healthy user” effect, distinguishing a subgroup of
patients who are likely to have a better outcome [157]. Once
again, large randomised, prospective, controlled clinical trials
are necessary to evaluate the use of statins as a potential
adjunctive therapy in CAP [36, 39].

4.4. Other Potential Adjunctive Therapies. Other largely
untested adjunctive therapies in the clinical setting of CAP
include (i) pharmacological agents which increase intracellu-
lar concentrations of the cyclic nucleotide, cAMP, in immune
and inflammatory cells and (ii) NSAIDs. Cyclic AMP has
been described as being “the master regulator of innate
immune cell function” [180]; consequently pharmacological
agents which increase the intracellular concentrations of this
cyclic nucleotide possess broad-spectrum anti-inflammatory
activities. Agents falling into this category include cAMP-
specific and nonspecific phosphodiesterase inhibitors, as well
as agonists of 𝛽

2
-adrenoreceptors, adenosine A2A recep-

tors, and the E-type prostaglandin receptors, EP
2
and EP

4
.

Although the potential of these agents is untested in CAP, it is
noteworthy that the 𝛽

2
-adrenoreceptor agonist, salbutamol,

administered either intravenously or as an aerosol, has proved
to be ineffective in the treatment of ALI [181, 182]. With
respect to anti-inflammatory activity, salbutamol may not,
however, be themost effective𝛽

2
-agonist to use in this clinical

setting [183].
Administration of the NSAID, naproxen, to healthy indi-

viduals has been reported to augment the bactericidal action
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Table 3: Adjunctive anti-inflammatory therapies in CAP.

Type of adjunctive therapy Current status

Macrolide antibiotics Recommended in current guidelines primarily for antimicrobial activity. The clinical relevance of
anti-inflammatory activity remains to be conclusively established

Corticosteroids Remains controversial and is the subject of several ongoing randomised, prospective, controlled trials

Statins Show promise, but therapeutic efficacy of initiation at the time of diagnosis of CAP remains to be
established

cAMP-elevatory agents Theoretically promising, although few safe and effective agents currently available; salbutamol found
ineffective in the treatment of ALI

NSAIDs Of questionable value

of whole blood against a penicillin-resistant strain of S. pneu-
moniae ex vivo [184].These potentiating effects of the NSAID
were associated with increased phagocytic activity of blood
phagocytes, as well as increased generation of antimicrobial
ROS by these cells, due, presumably, to inhibition of produc-
tion of immunosuppressive prostaglandin E

2
and activation

of adenylyl cyclase via EP
2
/EP
4
receptors [184]. Somewhat

paradoxically, however, these antipneumococcal actions of
NSAIDs may predispose to inflammation-mediated tissue
damage via interference with cAMP-mediated immunoreg-
ulatory activity.

The aforementioned adjunctive anti-inflammatory ther-
apies in CAP are summarised in Table 3. These and other
types of adjunctive therapies, largely unsuccessful, have also
been the subject of several recent reviews and include (i)
intravenous gammaglobulin (of unproven benefit); (ii) mon-
oclonal antibodies targeted against the IL-1 or PAF receptors,
as well as TNF; (iii) recombinant human activated protein
C (drotrecogin alfa); and (iv) the recombinant tissue factor
pathway inhibitor, tifacogin [34, 162].

5. Conclusion

It is quite evident from a review of the scientific literature that
CAP, and in particular infection due to Streptococcus pneu-
moniae, carries a considerable burden of disease among the
world’s population. The pneumococcus is the most common
microbial cause of CAP, not only in mild infections, but also
among patients requiring hospitalisation and even among
critically ill cases. The reason that pneumococcal infection
and CAP remain so common throughout the world relates
to the high prevalence of risk factors for this infection in
the general population, which includes aging, lifestyle factors,
and underlying comorbid illnesses and, at least in some parts
of the world, concomitant HIV infection. Pneumococcal
pneumonia causes considerable morbidity and mortality and
treatment of these infections is potentially being compro-
mised by the emergence of resistance in this microorgan-
ism to the commonly used antibiotics. The pneumococcus
expresses a large number of virulence factors, which not only
render the microorganism very effective in causing infection,
but also contribute to disease pathogenesis via their cytotoxic
and proinflammatory activities. Targeting these virulence
factors additionally as part of overall therapy has the potential
for improving the outcome of such infections.
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