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Highlights

¢ Pneumolysin (Ply) is being increasingly implicated in the pathogenesis of acute organ
damage and dysfunction during severe pneumococcal disease, particularly acute lung

and cardiac injury.

o These harmful activities of Ply have been attributed to the cytotoxic, pro-inflammatory

and platelet-activating properties of the toxin.

e Although challenging, therapeutic targeting of Ply is an attainable adjunctive strategy in

severe pneumococcal disease.

e Currently, macrolides in particular appear to be the most effective Ply-neutralising

agents.
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Abstract

Acute pulmonary and cardiac injury remain significant causes of morbidity and
mortality in those afflicted with severe pneumococcal disease, with the risk for early
mortality often persisting several years beyond clinical recovery. Although remaining
to be firmly established in the clinical setting, a considerable body of evidence,
mostly derived from murine models of experimental infection, has implicated the
pneumococcal, cholesterol-binding, pore-forming toxin, pneumolysin (Ply), in the
pathogenesis of lung and myocardial dysfunction. Topics covered in this review
include the burden of pneumococcal disease, risk factors, virulence determinants of
the pneumococcus, complications of severe disease, antibiotic and adjuvant
therapies, as well as the structure of Ply and the role of the toxin in disease
pathogenesis. Given the increasing recognition of the clinical potential of Ply-
neutralisation strategies, the remaining sections of the review are focused on
updates of the types, benefits and limitations of currently available therapies which
may attenuate, directly and/or indirectly, the injurious actions of Ply. These include
recently described experimental therapies such as various phytochemicals and
lipids, and a second group of more conventional agents the members of which
remain the subject of ongoing clinical evaluation. This latter group, which is covered
more extensively, encompasses macrolides, statins, corticosteroids, and platelet-

targeted therapies, particularly aspirin.
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Introduction: The burden of pneumococcal infection

There have been several studies published in the recent literature attesting to the
high clinical and economic burden of community-acquired pneumonia (CAP) in both
developing and developed countries, with associated considerable morbidity and
mortality.> Furthermore, review of the worldwide literature indicates that currently
the microbial aetiology of CAP can be established in up to 60% of cases of CAP,
with Streptococcus pneumoniae (the pneumococcus) being the most common
bacterial cause overall, irrespective of whether the cases are mild enough to be
treated in the community, or whether admission to hospital or even the intensive care
unit (ICU) is required.®> While pneumococcal infections may be invasive (organism
present in normally sterile sites) or non-invasive, it is clear that the burden of both
invasive and non-invasive pneumococcal disease in adults is determined primarily by
the presence of pneumonia.® However, while much is known about the incidence
rates for CAP and invasive pneumococcal disease (IPD) in adults in developed
countries,® there is much less information on the burden of pneumococcal disease in

adults in the developing world.’

There are a number of challenges remaining with regard to pneumococcal
infections, not least of which are the limitations of the current diagnostic tools,
particularly those for detection of non-bacteraemic infections, such that the incidence
of pneumococcal pneumonia is most likely to be significantly underestimated.® One
systematic review and meta-analysis concluded that for every case of bacteraemic
pneumonia there were likely to be at least three additional non-bacteraemic
infections.? Another systematic review of the burden of PCV-preventable
pneumococcal disease in the United Kingdom indicated that it continues to be high
despite the impact of PVC13 and that estimates of IPD cases represent a fraction of

the total pneumococcal disease burden.*

Other important issues include the need for defining host risk factors for
pneumococcal infections in adults and their possible association with mortality, as
well as the role of the various serotypes in severity of illness and outcome and,

lastly, the impact of various aspects of antibiotic treatment on mortality.® It is



concerning that despite all advances in medicine, the case fatality rate for patients

hospitalised with IPD has remained constant in the region of ~12% since the 1950s.?
Risk factors for pneumococcal infections

Much has been written recently specifically about risk factors for
pneumococcal infections.***> Older age, or aging, possibly associated with
immunosenescence, places individuals at risk for developing pneumococcal
infections.’® A range of lifestyle factors (smoking, alcohol, being underweight, regular
contact with children and poor dental hygiene) and underlying comorbid conditions
(chronic respiratory disorders, especially chronic obstructive pulmonary disease;
asthma,; cardiovascular and cerebrovascular conditions; Parkinson’s disease;
epilepsy; diabetes mellitus; dementia; HIV infection; chronic renal and liver disease)
not only increase the risk of pneumococcal infections, but may also impact
negatively on both short-term and long-term outcomes following pneumococcal
pneumonia.’*® Patients with asplenia or splenic dysfunction, such as occurs in
patients with sickle cell anaemia, are at significantly increased risk of fulminant
infections with various microorganisms, and particularly the pneumococcus.*®*™° It is
important to recognise that some adults, particularly those > 65 years, may have
multiple comorbid conditions and that the odds ratios for acquiring IPD in individuals
with two or more comorbid conditions may be comparable with those of conditions

classified as being very high risk for development of CAP and IPD.**

Complement deficiencies predispose patients to infections with encapsulated
bacteria, such as the pneumococcus, and polymorphisms in the human mannan-
binding lectin gene (MBL2) have also been linked to increased susceptibility to
pneumococcal infections.*® Immunoglobulin deficiencies have also been noted to be
frequent in patients with pneumococcal infections, being particularly associated with
IPD.?° Most toll-like-receptors and interleukin (IL)-1 receptors signal through myeloid
differentiation primary response 88 (MyD88) and IL-1 receptor-associated kinase 4
(IRAK-4) and infants and young children with deficiencies in both these proteins are
highly susceptible to IPD. ??? Furthermore, patients with deficiencies of two proteins
involved in the nuclear factor kB (NF-kB) signalling pathway, namely NF-kB essential
modulator (NEMO) and IkBk, have also been documented to increase susceptibility



to infections with the pneumococcus.? Lastly, environmental factors, such as the
occurrence of influenza and other viral infections places individuals at risk of

secondary bacterial infections in the lungs, particularly pneumococcal infections.?

Virulence determinants and the pathogenesis of pneumococcal infections

A myriad of review articles has been published recently, describing in detail the
multiple virulence factors of the pneumococcus, as well as the pathogenesis of
pneumococcal disease, a detailed description of which is beyond the scope of this
manuscript.”>**’ The obligatory first step in the pathogenesis of pneumococcal
infections is colonisation of the nasopharynx by the microorganism, with the factors
that govern colonisation having been fairly well characterised, including the anti-
phagocytic polysaccharide capsule, the pore-forming cytolysin, pneumolysin (Ply),
surface adhesins, several of which also subvert complement deposition, pilus
proteins, biofilm formation, and various enzymes.?*?>?" |t is also important to note
that the presence of other microbes in the nasopharynx can also influence

pneumococcal colonisation and invasion.?**

Development of IPD necessitates the translocation of the microorganism from
the nasopharynx to the disease sites, including the lungs, bloodstream and
meninges alone or in combination.?® The exact mechanisms underlying the transition
of the pneumococcus from colonisation to invasion are incompletely understood and
the subject of much study.?’” However, at these disease sites, a complex interaction
occurs between various pneumococcal virulence determinants and the immune
defences of the host, which it is said produces four major effects, namely adhesion,
invasion, inflammation and shock.?® A complex inflammatory response is initiated
that arises from the interaction of the microorganism and its virulence determinants
with host pattern receptors and signalling molecules expressed on phagocytes and
other cells of the innate and adaptive immune systems and their associated
mediators.?® This inflammatory response to the pneumococcus, “one of the most
potent in medicine, has revealed the double-edged sword of clearance of infection at

a cost of damage to host cells.”®



It is well recognised that the clinical manifestations of pneumococcal
infections, including their propensity to be associated with invasive disease and with
antibiotic resistance, depend, to a large extent, on the particular capsular serotype
causing infection.?® Review of the literature suggests that serotypes 1, 4, 5, 7F, 8,
12F, 14, 18C and 19A are more likely to be associated with IPD, and while 1 and
19A are the predominant causes of IPD, serotype 14 remains the most common
cause of non-bacteraemic pneumonia in adults.”® Serotype 1 pneumococci are
somewhat different from other pneumococcal serotypes, as has been reviewed
elsewhere.?® While being a common cause of IPD, serotype 1 is infrequently found
as a nasopharyngeal coloniser. It causes infection in young patients without
comorbidity and is associated with a low mortality. Interestingly, some serotype 1
pneumococci express a Ply that is incorporated into the eukaryotic cell membrane
but which is not pore forming or haemolytic.?® While it is thought this variant Ply may
impact on the pathophysiology of these serotype 1 pneumococcus infections and on

the immune response to such infections, this has not been fully explored.
Severe pneumococcal infection

There are three main determinants of the intensity of inflammatory processes and
outcome of infections, such as pneumococcal infections; these are factors related to
the infective microorganism, the host, and therapy.>*~° Foremost among the
microorganism-related factors that determine the outcome of serious pneumococcal
infections are the serotypes causing the infection.®" A recent systematic review of the
literature documented that certain clinical presentations, such as the occurrence of
empyema (serotypes 1,3,5,7F,8,19A), necrotising pneumonia (serotype 3), septic
shock (serotypes 3,19A), and meningitis (serotypes 10A,15B,19F,23F), as well as
poorer outcomes, were related to specific pneumococcal serotypes.! One
population-based cohort study documented that serotypes 3, 10A, 11A, 15B, 16F,
17F, 19F, 31, and 35F had a much higher mortality rate than serotype 1.3 Another
retrospective cohort study documented that compared to the reference group
consisting of serotypes 1, 5, 7F, 15B, 20, 33F, serotypes 3, 6B, 9N, 16F, 18C 19F,
and 23A were associated with an increased case-fatality rate.®® A systematic review

and meta-analysis confirmed that among bacteraemic cases, serotypes 1, 7F and 8



had reduced risk of death, while serotypes 3, 6A, 6B, 9N, and 19F had increased

risk.3*

Septic shock

A number of studies of septic shock due to pneumococcal pneumonia have
documented serotype 3 to be the important infecting agent.*=® In this study, host
factors that were identified as independent risk factors for septic shock were current
tobacco use and chronic corticosteroid treatment. Importantly, the occurrence of
septic shock was associated with more frequent requirement for mechanical
ventilation (37% versus 4%; p<0.001), a longer hospital stay (11 versus 8 days;
p<0.001), and higher early (10% versus 1%; p<0.001) and overall (25% versus 5%
p<0.001) case fatality rates.>®> A number of risk factors for pneumococcal infection,
described above, are also risk factors for a poorer short- and long-term outcome

when pneumococcal infection occurs.

Respiratory failure/ARDS

Similarly, respiratory failure is a not an infrequent complication of pneumococcal
pneumonia, being associated with considerable morbidity and mortality.>” Serotypes
3, 19A and 19F were reported to be most commonly associated with respiratory
failure, with various host factors, such as age >50 years (OR 1.63 (95% CI 1.15-
2.3)), chronic lung disease (OR 1.54 (95% CI 1.1-2.15)), and chronic heart disease
(1.49 (95% CI 1.01-2.22) contributing to risk.>” With regard to acute respiratory
distress syndrome (ARDS) as a cause of respiratory failure, serotypes 3, 4, 9A and
9V) were found in a much earlier study to be those mainly implicated.*® Much has
been learned from both in vitro studies and animal models about the involvement of
microbial and host factors in the pathogenesis of acute lung injury (ALI) in
experimental pneumococcal infection. Witzenrath and colleagues documented that
Ply appears to play a major role in early onset ALI in severe, experimental
pneumococcal infection by causing impairment of the pulmonary microvascular
barrier function with associated pulmonary hypertension.®® An earlier study had also
documented that exposure of isolated rat alveolar epithelial cells to Ply resulted in
lethal injury to the cells, while intra-pulmonary instillation of the toxin resulted in



damage to alveolar epithelium, increased alveolar permeability, and widespread lung
injury.*® A subsequent experimental study by Witzenrath and colleagues indicated

that platelet activating factor (PAF) was a major contributor to Ply-induced ALI.**

Acute cardiovascular events

It is now also recognised that acute cardiac events occur in patients with
pneumococcal pneumonia, with one study having documented an occurrence of
19.4% in 170 cases admitted to hospital.** These included acute myocardial
infarction, new onset arrhythmia and new or worsening cardiac failure, and were
associated with a higher mortality rate than that which occurred in the group of
patients who did not experience these events (p<0.008). Some of these patients who
developed acute cardiac events were relatively young and had no prior history of
cardiac disease or cardiovascular risk factors.*? As with ALI, animal models of
experimental pneumococcal infection have revealed major involvement of Ply, as
well as that of pneumococcal phosphorylcholine which binds to the platelet-
activating receptor, and possibly pathogen-derived hydrogen peroxide, in the

pathogenesis of these cardiovascular events.***

Therapy of severe pneumococcal infections

The third determinant impacting on the outcome of patients with pneumococcal
infections is the type of therapy, which may include both the use of antimicrobial
agents and adjunctive therapies.*

Antibiotic therapy

A detailed description of antibiotic therapy for CAP, including pneumococcal CAP, is
beyond the scope of the current manuscript, but has been described in the various
CAP guidelines.*®*® The consensus opinion within these guidelines is that for severe
pneumonia the antibiotic treatment alternatives are either a beta-lactam (or a beta-
lactam/beta-lactamase inhibitor) plus a macrolide combination or a fluoroquinolone
alone.*®*® However, a number of studies have suggested that for severe CAP,
including pneumococcal CAP and for IPD, the best outcome appears to be achieved



with the use of combination antibiotic therapy consisting of a beta-lactam together
with a macrolide agent.*®>® However, uncertainty remains as to the reason(s) for the
benefits of macrolide combination therapy with some believing that it may relate to
the anti-inflmammatory/immunomodulatory effects of these agents.> It also appears
that early initiation of antibiotics in severe pneumococcal pneumonia or those
hospitalised with bacteraemic pneumococcal pneumonia is associated with a better

52,55

outcome, such that some guidelines recommend that the initial antibiotic dose

should be administered in the emergency department.*
Adjunctive therapy

It remains clear, however, that mortality due to pneumococcal pneumonia remains
considerable despite all recent advances in medicine.®**°" As indicated above, the
case fatality rate for patients hospitalised with IPD has remained at ~12% since the
1950s.2 A study of severe pneumococcal pneumonia requiring ICU admission
documented that mortality remained high despite adequate antimicrobial therapy
with hospital mortality reaching 28.8%.%° The Global Burden of Disease Study
documented that globally in 2013, the pneumococcus was responsible for the largest
number of lower respiratory tract infection deaths in people of all ages.>” It is for
these reasons that much recent interest and research has been directed at the use
of adjunctive therapies for patients with CAP and a myriad of different agents has

been considered.>®>°

Interestingly, a recent review by Lucas et al. published in 2013 was focused
on potential adjunctive therapies directed against Ply, specifically on two categories
of agent which may antagonise intracellular mechanisms involved in Ply-mediated
increased epithelial permeability, these being agonists of growth hormone-releasing
hormone and synthetic peptide mimics of the lectin-like domain of tumour necrosis
factor-a (TNF-a).®° The current review differs substantially from that of Lucas et al.*°
in several respects, most importantly more recent and broader coverage of Ply-
targeted therapies, encompassing those in both the pre-clinical and clinical stages of
evaluation. Consideration of these strategies is preceded by brief updates on the
structure and biological activities of Ply, as well as the involvement of the toxin in

evasion of host defences.
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Pneumolysin (Ply)
Structure and biological activities

Ply, the major protein virulence factor of the pneumococcus belongs to the family of
microbial cholesterol-binding, pore-forming toxins.®* Ply is produced by almost all of
the currently known 97 serotypes of the pneumococcus,® although clinical isolates
of several subtypes, specifically sequence types (ST) 306 and 53 belonging to
serotypesl and 8 respectively, have been found to harbour mutations in the ply gene
which abolish pore-forming activity.®*%* Because Ply lacks a typical signal secretion
leader sequence, extracellular release of the toxin is dependent on either bacterial
autolysis or antibiotic-mediated bacteriolysis.®! It has also been reported that
biologically-active Ply is present in the cell wall of many serotypes of the

pneumococcus.®®

Structurally, Ply consists of 471 amino acids and has a molecular weight of 53
kDa.®* The molecule consists of 4 distinct domains. Collectively, domains 1, 2, 3 are
of inseparable structural importance, conferring stability on the Ply molecule, while
domain 4, which consists of amino acid residues 360-469 forming the C-terminal
region, promotes binding to the cholesterol moieties of cell membranes.®* Pore
formation follows binding of the toxin to these plasma membrane cholesterol
moieties via a threonine-leucine pair in a hydrophobic attachment region.®
Oligomerisation of the bound toxin monomers results in their assembly into circular
pre-pores, an event which precedes a series of conformational changes resulting in
the formation of membrane-piercing 3-barrel pores of up to “350 A 'in diameter with
each pore consisting of as many as 50 Ply monomers”.®* Notwithstanding toxin
concentration, vulnerability to cell lysis is dependent on the age, cholesterol content
and physical properties of the cell membrane, specifically bending rigidity and
surface and dipole electrostatic properties, the latter being of significance given the
“marked electronegative potential of Ply”.°"® The efficacy of cellular mechanisms
which repair Ply-mediated damage to eukaryotic cell membranes is an additional
determinant of cell lysis. These appear to be initiated by localised elevations in
cytosolic Ca?* in proximity to the Ply-punctured cell membrane and involve
recruitment of annexins, actin-binding and other Ca**-dependent proteins which seal
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both pre-pores and “mature pores”.®® These events are followed by microvesicle
expulsion of toxin pores.’® In addition, the cytolytic activity of Ply has been reported
to be prone to oxidative inactivation, which may increase resistance to the toxin of
phagocytic cells in particular via production of reactive oxygen species (ROS)."

In addition to pore formation, domain 4 also promotes activation of both the
classical and lectin pathways of complement activation.®>? In the case of the former,
immunoglobulins (Ig) of the IgM class and 1gG3 subclass bind non-specifically to Ply
via their Fc regions.”® In the case of the latter, ficolin, a 1,3-B glucan-binding lectin
with acute phase reactant properties, binds specifically to Ply, triggering binding of
C3b and complement activation.”* Ply-mediated complement depletion acting in
concert with the anti-phagocytic polysaccharide capsule represent effective

mechanisms by which the pathogen evades phagocytosis.
Role of pneumolysin in evasion of host defences

Notwithstanding disabling of complement-mediated protective immune mechanisms,
it is the pore-forming cytolytic/pro-inflammatory activities of Ply which are the primary
contributors to pneumococcal colonisation of the airways, invasion and extra-
pulmonary dissemination.”® In addition, a very recent pre-clinical study has
implicated the toxin, via its pro-inflammatory activities, in host-to-host transmission of
the pneumococcus, due to inflammation-associated bacterial shedding in nasal
secretions.”* The involvement of Ply in the various stages of pneumococcal infection

has recently been reviewed elsewhere’ and is considered only briefly here.

Together with various pneumococcal epithelial adhesins, as well as the
polysaccharide capsule which, in addition to anti-phagocytic properties, enables
attachment of the pathogen to airway mucus,” Ply contributes to early colonisation
not only via interference with the beating and coordinated expulsive actions of the
mucociliary escalator, but also by directly damaging respiratory epithelium.”®’”
Thereafter, the pneumococcus may be transiently controlled by innate host defences
then eradicated following effective activation of both antibody- and cell-mediated
host defences.”®”® Alternatively, the pneumococcus may enter a quiescent phase,

often concealed in biofilm.29®? In the guise of a harmless, albeit menacing,
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nasopharyngeal commensal, the pneumococcus can re-emerge to invade the lungs
when the airway defences of the host are transiently compromised, most notably

during influenza infection.?®

On reaching the lower airways, the pneumococcus encounters resident
alveolar macrophages. Although actively phagocytic, these cells in the healthy lung
are polarised, albeit reversibly, toward the anti-inflammatory M2 phenotype with
limited antimicrobial activity.?*#*> Notwithstanding cytotoxic effects on macrophages
exposed to high concentrations of Ply in the extracellular milieu, induction of
necroptosis by lower, non-lytic concentrations of the toxin may also occur when host
defences are overwhelmed, reflecting different degrees of resistance to the pathogen
and challenge levels.?®® Death of these cells may also result from ingestion of
pneumococci with resultant release of Ply from microorganisms entrapped in

phagolysosomes, causing toxin-mediated apoptosis .5%*°

Necroptosis and apoptosis are distinct programmed cell-death processes. In
the case of Ply-activated necroptosis, this involves triggering of the receptor-
interacting serine-threonine kinases 1 and 3 (RIP1/3), albeit by mechanisms which
remain to be established, but which result in phosphorylation of mixed lineage kinase
domain-like (MLKL), which, in turn promotes membrane disruption, ion
dysregulation, ATP depletion, and induction of intracellular oxidative stress.8%% |n
the case of apoptosis, which may also contribute to killing of the pneumococcus, this
is triggered by Ply-mediated permeabilisation of the lysosomal/phagolysosmal
membrane and activation of apoptosis via a mitochondrial-dependent mechanism.*
In addition, Ply-mediated permeabilisation of the phagolysosomal membrane has
also been reported to cause leakage of pneumococcal cell wall components into the
cytosol which may trigger cell death via activation of intracellular pathogen
recognition receptors.? In this context, it is noteworthy that exposure of human
neutrophils to Ply results in activation of Nod-like receptor protein 3 (NLRP3).%%*
Ply-mediated activation of pro-inflammatory NLRP3 is considered to be protective
against pneumococcal infection and may explain the virulence of non-cytolytic
strains of the pneumococcus via evasion of NLRP3-activated inflammatory
responses. On the other hand, hyper-activation of NLRP3 is likely to have

deleterious consequences for the host.
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Ply-mediated subversion of pulmonary cellular host defences creates an
environment conducive to survival and proliferation of the pneumococcus,
predisposing to pulmonary damage involving, but not limited to, Ply-mediated direct
cellular cytotoxicity, as well as indirect pro-inflammatory activity, with both
mechanisms causing disruption of epithelial and endothelial barriers.3**° These
activities also favour extrapulmonary dissemination of the pneumococcus. In
addition, as mentioned above, murine models of experimental pneumococcal lung
infection have also identified additional mechanisms by which Ply may contribute to
the pathogenesis of acute lung injury. These include intra-pulmonary platelet

activation, resulting in microvascular leakage and pulmonary hypertension.**

As alluded to earlier, IPD has also been reported to pose a “substantial risk
for a concurrent acute cardiac event, such as myocardial infarction, serious
arrhythmia, or new or worsening congestive heart failure”.** Recent insights derived
from murine models of experimental infection have convincingly demonstrated the
involvement of Ply, as well as the adhesin, phosphorylcholine, in the pathogenesis of

434,88 p|
Y,

myocardial injury. via direct, pore-forming mechanisms, was found to

impair cardiac function as a result of the formation of “unique cardiac microlesions”.*?
In addition to Ply-mediated cardiotoxicity, invasion of the myocardium by a non-
pneumolysin-producing strain of the pneumococcus has also been reported to cause
myocardial damage, possibly mediated by pathogen-derived hydrogen peroxide

and/or metalloproteases.®®

Pre-clinical studies have demonstrated that Ply, via its pore-forming activity,
also causes platelet activation, secondary to influx of extracellular calcium, resulting
in both homotypic platelet and heterotypic platelet:neutrophil aggregation.®®® If
operative in the clinical setting of IPD, these potentially pro-thrombotic mechanisms

may also contribute to the pathogenesis of acute cardiac dysfunction.

Pneumolysin as a therapeutic target in CAP

Although the widespread uptake of efficacious pneumococcal conjugate vaccines,
most recently PCV13, in national childhood immunisation programmes has impacted
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on the frequency of IPD in non-immunised adults via secondary (“herd”) protection in
some, 1% put not all,*** developed and developing countries, the incidence of, and
mortality from, severe CAP remains considerable, even in the setting of seemingly
appropriate antimicrobial chemotherapy.'% This is due in large part to world
population ageing, particularly in developed countries, as well as to high rates of HIV
infection in many developing countries, with the elderly and those infected with HIV
being particularly vulnerable to the pneumococcus. Given the pivotal role played by
Ply in the pathogenesis of IPD-associated organ damage and dysfunction,
therapeutic targeting of the toxin represents a potentially advantageous strategy to
bolster the efficacy of antibiotics. In this context, agents that target Ply fall into one or

more of the following categories with examples of each shown in parenthesis:

¢ inhibitors of cytolytic activity, targeting binding to target cells and/or toxin
oligomerisation (monoclonal antibodies, phytochemicals, cholesterol mimics)

e inhibitors of production (macrolides, macrolide-like agents, tetracyclines)

¢ inhibitors of cholesterol synthesis (statins)

e anti-inflammatory agents (macrolides, statins, corticosteroids)

e anti-platelet therapies (non-steroidal anti-inflammatory drugs, antagonists of
the purinergic [P2Y12] receptor and protease-activated receptor 1 [PARL1])).

Inhibitors of the cytolytic activity of pneumolysin

Agents which directly target Ply include the murine monoclonal antibodies, PLY-4
and PLY-7, directed against various epitopes on the toxin which block binding to
eukaryotic cells, as well as cytolytic activity.’*® Also included in this category are B-
sitosterol, a plant-derived cholesterol mimic, as well as liposomes composed of
sphingomyelin/cholesterol.1%*1% Several other plant-derived agents, viz.
verbascoside, a phenylethanoid glycoside, and the bioflavanoids, apigenin and

amentoflavone, all of which have been reported to block the oligomerisation of Ply
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monomers on cell membranes.*®" % Although all of these strategies have
demonstrated protective efficacy in murine models of experimental pneumococcal
infection, they have not, to our knowledge, progressed beyond the pre-clinical phase
of evaluation. Future clinical development will require demonstration of ease of
administration, adequate intestinal absorption in the case of orally-administered
agents, cost effectiveness, compatibility with antibiotics, and, most importantly,
convincing therapeutic benefit. Demonstration of therapeutic efficacy will be difficult
due to critical dependence on rapid, accurate, and unequivocal diagnosis of
pneumococcal infection in patients enrolled to clinical trials. This will be particularly
challenging given that less than 50% of the causative pathogens in patients
hospitalised with CAP are successfully identified using current laboratory diagnostic

procedures. %1

Although less selective, the remaining, and more extensively reviewed
agents, viz. macrolides, statins, corticosteroids, and inhibitors of platelet activation,
all have the potential to ameliorate the damaging activities of Ply. All are clinically
available, and are the subject of ongoing evaluation as adjuvant therapies in
bacterial CAP. Currently, however, no consensus exists regarding the most effective
of these adjuvant therapies, with macrolides and corticosteroids having been the
most researched and currently the most favoured. It must, however, be mentioned
that a paucity of Ply/pneumococcus-specific data currently exists in relation to the
agents reviewed in the following sections. Accordingly, the emphasis is placed on
general effects on outcome, mostly in all-cause-CAP, supplemented with laboratory
data and animal studies supportive of the involvement of Ply.

Macrolides

Based on evidence derived from a series of observational studies conducted
between 1999 and 2010, such as that reported by Martin-Loeches et al.,*? most
national guidelines recommend combination therapy with a beta-lactam and a
macrolide antibiotic as a strategy to lower in-hospital or ICU mortality in patients with
severe CAP.>® Indeed, as stated in a recent review “the use of macrolides as part of
combination antibiotic therapy has shown beneficial mortality effects across the CAP

disease spectrum, especially for those with severe iliness.”*** O’Brien et al. have
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also stated that the “potential magnitude of the mortality benefits of combination
treatment with a macrolide in CAP estimated at 20-50% cannot be overlooked” and
that “such treatment should be obligatory for those admitted to an intensive care
setting”.*'* Based on the findings of their recent systematic review, Horita et al.
concluded that the all-cause mortality benefit of beta-lactam/macrolide combination
therapy when compared with the beta-lactam alone was evident only in those
patients with severe CAP, with the caveat that this contention is largely dependent

on the influence of predominantly observational studies.**®
Macrolides and the pneumococcus

In the case of severe pneumococcal CAP, the benefit of macrolide
combination therapy is supported by two fairly recent studies, one an ICU-based,
prospective, matched case-control study,>” and the other an in-hospital based,

retrospective study,**®

published in 2014 and 2013 respectively. Both studies
documented significantly improved survival rates of those patients who received
macrolide-containing combination therapy, most commonly with a beta-lactam

antibiotic.5>16

With respect to mechanisms of therapeutic efficacy, macrolides and
macrolide-like agents possess a range of beneficial activities, targeting both the
pathogen and the host, which enable them to complement beta-lactams in the
adjuvant therapy of severe CAP, particularly pneumococcal CAP. Unlike the
selective Ply-targeted agents described above, however, these protective activities
of macrolides encompass a range of CAP bacterial pathogens, even extending to

Gram-negative organisms. 7412

Macrolides and macrolide-like agents such as clindamycin, via their inhibitory
effects on bacterial protein synthesis, are potent inhibitors of the production of Ply in

Vitr0,119_124

as well as in the lungs of mice experimentally infected with the
pneumococcus.*?**?* The inhibitory effects of macrolides on the production of Ply by

the pneumococcus in vitro are evident at sub-minimum inhibitory concentrations
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(MICs) of these agents and extend not only to macrolide-susceptible strains of the
pneumococcus, but also to macrolide-resistant strains of the pathogen.*?*??
Although data are limited, one study based on a murine model of experimental
pneumonia in which the mice were infected with a highly macrolide-resistant strain of
the pneumococcus co-expressing the erm B (ribosomal methylase) and mef E/A
(efflux pump) resistance genes, reported that administration of either azithromycin or
clarithromycin resulted in significantly improved survival in the setting of decreased
intrapulmonary concentrations of Ply.*?* In addition, several clinical studies have
reported on the disconnect between azithromycin resistance and the apparent
efficacy of azithromycin monotherapy in the setting of macrolide-resistant

125,126

pneumococcal pneumonia as well as various community-acquired respiratory

tract infections (acute otitis media, CAP, acute bacterial exacerbations of chronic

127

bronchitis, acute bacterial sinusitis),”" this discrepancy being known as the in vivo-in

vitro paradox”.

Potential mechanisms by which macrolides seemingly subvert macrolide
resistance include transient inhibition of bacterial growth,*?®*?° as well as the high
levels of intracellular accumulation of these antibiotics, achieving concentrations in
phagocytic and epithelial cells possibly in excess of the MICs for macrolide-resistant
strains of the pneumococcus.™® In the case of the former mechanism, exposure of
highly macrolide-resistant (MIC values > 256 ug/ml), erm B-expressing strains of the
pneumococcus to either erythromycin or clarithromycin has been reported to delay
the onset of bacterial growth for up to 10 hours, with the duration of the lag phase of
growth varying somewhat according to the particular strain of the
pneumococcus.*?®?? |n the study reported by Cockeran et al., transient inhibition of
bacterial growth was not attributable to impaired induction of the erm B gene which
actually exhibited a 4-fold increase in the level of gene transcription within 15 min of
exposure of an erm B-expressing macrolide-resistant strain of the pneumococcus
(strain 2507, serotype 23F) to clarithromycin.? In this context, it is noteworthy that
clarithromycin inhibits bacterial protein synthesis by binding to the peptide exit tunnel
of the large 50S subunit of the bacterial ribosome, thereby blocking peptide chain
elongation,**® while expression of the erm B gene is also predominantly regulated
post-transcriptionally.****3? Despite the early increase in erm B gene transcription
following exposure of the pneumococcus to clarithromycin, synthesis of ribosomal
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methylase is therefore transiently hindered by the antibiotic, resulting in a prolonged
lag phase prior to acquisition of the full resistance phenotype.*?° Although
speculative this mechanism of delayed acquisition of the resistance phenotype may
extend to other types of inducible genetic antibiotic resistance, while weakening of
the pathogen following exposure to innate host defences may also contribute to

retardation of onset of resistance.

Even this brief window of therapeutic opportunity presented by macrolide-
mediated transient inhibition of synthesis of Ply, as well as other protein virulence
factors by resistant strains of the pneumococcus, may be beneficial, especially in the
context of combination therapy, by preventing excessive release of pro-inflammatory
Ply due to beta-lactam-mediated bacteriolysis.*?® In this context, the findings of a
recently reported, retrospective, observational study conducted during January 2000
— December 2013 to which adults (n=643) hospitalised with culture-proven
pneumococcal pneumonia caused by both macrolide-susceptible (n=504) and
macrolide—resistant (n=139) strains of the pathogen were recruited, are
noteworthy.™*® Guideline-compliant therapy was administered to a total of 437
patients of whom 346 and 91 were infected with macrolide-susceptible and
macrolide—resistant strains of the pneumococcus respectively, while the
corresponding numbers of patients treated with non-compliant antibiotic regimens
were 154 and 47.'* The authors reported that no differences were evident in respect
of disease severity on presentation, frequency of admission to ICU, and mechanical
ventilation between the groups of patients infected with macrolide-susceptible or
macrolide—resistant strains of the pneumococcus irrespective of guideline-compliant
or —non-compliant antimicrobial therapy, while rates of non-invasive ventilation and
shock were lower in the resistance group. However, no comparisons were reported
in respect of the sub-groups of patients infected with macrolide-susceptible (n=229)
and macrolide—resistant (n=69) strains of the pneumococcus treated with beta-
lactam/macrolide combination therapy.*** Nonetheless, of those patients infected
with a macrolide-resistant strain of the pneumococcus who received any type of
combination therapy (n=104), those treated with a macrolide-containing regimen
(n=71 of which 69 received a beta-lactam/macrolide regimen) had significantly lower
rates of multilobar infiltration (p<0.038) and ICU admission (p<0.024).2*®* The
authors, supported by an accompanying editorial, suggest that the observed benefits
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of macrolides in their study may result from the secondary, host-directed, anti-

inflammatory activities of these agents described below. 33134

This contention is supported by observations that administration of a beta-
lactam/macrolide combination, which shows no synergistic activity against the
pneumococcus in vitro,** demonstrates significant survival benefits relative to those
of the individual agents in a murine model of lethal pneumococcal (macrolide-
susceptible) pneumonia.**® When compared with the individual agents, the beneficial
effects of the ceftriaxone/azithromycin regimen used in this study were not
associated with differences in lung bacterial loads at day 3 post-initiation of infection,
but rather with immune modulation and anti-inflammatory activity characterised by

decreased neutrophil influx.**®

The aforementioned studies also highlight the difficulty in distinguishing the
anti-inflammatory activity of macrolides resulting from inhibition of synthesis of Ply
and other pro-inflammatory pneumococcal virulence factors due to primary
antimicrobial activity, from the secondary, host-targeted mechanisms described
below. Until the exact mechanisms underpinning the apparent benefit of beta-
lactam/macrolide combination therapy of severe pneumococcal disease are
unequivocally established, widespread acceptance of this strategy in the face of
increasing levels of macrolide resistance is likely to remain contentious. Future
options to improve efficacy include timing of administration of the macrolide, with the
bacterial protein synthesis inhibitor given in advance of the beta-lactam as a
potential strategy to curb the adverse, pro-inflammatory, bacteriolytic actions of the
beta-lactam, thereby possibly increasing the efficacy of combination therapy.**’
Additional options include combining beta-lactams with novel macrolides and
macrolide-like agents, such as the fluoroketolide, solithromycin, which is highly

active against both macrolide-susceptible and -resistant pneumococci.**"*%

Host-targeted anti-inflammatory activities of macrolides
As mentioned above, macrolides possess secondary anti-inflammatory and

immunomodulatory properties which are unrelated to their primary antimicrobial

activity. Data documenting the cellular targets and mechanisms of these secondary
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activities has originated almost exclusively from pre-clinical in vitro studies and
animal models of experimental therapy, which have been reviewed elsewhere. 8%
Briefly, macrolides effectively target neutrophils, interfering with cell migration via
inhibition of the synthesis of the neutrophil-mobilising chemokine, interleukin (IL)-8,
and the cytokines IL-17 and tumour necrosis factor (TNF)-a, by cells of the innate
and adaptive immune systems, as well as airway epithelial cells, fibroblasts and
vascular endothelial cells.**®*'° Macrolide-induced inhibition of the synthesis of these
inflammatory mediators is achieved via antagonism of transcription factors which
promote chemokine/cytokine gene activation such as nuclear factor kappa B (NFkB)
and activator protein 1 (AP-1).18!1° |n addition, exposure of airway epithelial cells to
macrolides such as clarithromycin in vitro has been reported to inhibit dimerisation
and subsequent nuclear translocation of the transcription factor, interferon regulatory
factor 3 (IRF3), causing decreased synthesis of types | and Il interferons (IFNs).**°
Similarly, clarithromycin treatment of mice with elastase-induced emphysema
experimentally infected with influenza virus protected the animals against
subsequent challenge with the pneumococcus, which was associated with
decreased concentrations of IFN-y in bronchoalveolar lavage fluid (BAL), as well as
reductions in airway neutrophil and bacterial counts.** In this context, it is
noteworthy that excessive levels of type | interferons and IFN-y, as may occur in the
airways during influenza virus infection, have been reported to inhibit the phagocytic
activities of alveolar macrophages, predisposing to secondary pneumococcal

infection. 142143

One of the very few clinical studies addressing the effects of macrolide
therapy of acute lung infection on systemic and pulmonary indices of inflammation
has recently been reported by Lorenzo et al.'** These authors, using a prospective,
longitudinal study design, compared the effects of varying types of antimicrobial
therapy on the concentrations of IL-6, IL-8, IL-10, and TNF-a in the circulation and
lungs of older CAP patients (n=52) who had failed to respond satisfactorily, with
those who had achieved clinical stability (n=15) following 72 hours of antimicrobial
therapy.'** Pathogen identification was made in <50% of patients, with the
pneumococcus identified as the causative pathogen in 21.7% and 27.6% of the
former and latter groups respectively. Patients in the clinically unstable group were
treated with fluoroquinolone (levofloxacin) monotherapy (n=6), or combination
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therapy with either a beta-lactam (ceftriaxone/cefotaxime) or co-amoxicillin/clavulanic
acid azithromycin (n=23) or a beta-lactam + fluoroquinolone (n=8), while the
remainder (n=15) received other types of therapy.'** For purposes of comparison,
the patients were categorised according to the inclusion or exclusion of a macrolide
in their therapeutic regimens (n=23 vs 29, and n=9 vs 6 for the clinically unstable and
stable groups, respectively) and cytokine concentrations in blood and BAL were
measured at 72 hours following initiation of therapy. In the clinically unstable group,
treatment with macrolide-containing antibiotic regimens was associated with
substantial reductions in the concentrations of all 4 of the measured cytokines in
both blood and BAL in comparison with patients receiving non-macrolide
regimens.*** These differences achieved statistical significance in the case of IL-8
and IL-10 in blood and IL-6 and TNF-a in BAL. The anti-inflammatory activities of the
macrolide-containing regimens were associated with statistically significant
decreases in time to achieve clinical stability (8 vs 14 days, p<0.007) and length of
hospital stay (12 vs 20 days, p<0.007).Differences in inflammatory and clinical
indices between macrolide-containing and -non-containing regimens were not,
however, evident in patients who had already achieved clinical stability in the setting
of lower cytokine levels.***

18,119 these more recent studies lend

Taken together with earlier studies,
further support to the beneficial role of the anti-inflammatory/immunomodulatory
activities of macrolides in the therapy of CAP, including, but not limited to,

pneumococcal CAP.

Statins

Statins are widely used as cholesterol-lowering agents in the prevention and/or
treatment of cardiovascular conditions and, theoretically, may be of benefit in their
own right as adjunctive agents in the prevention of the cardiovascular complications
of CAP. This therapeutic benefit is achieved via inhibition of the enzyme, 3-hydroxy-
3-methylglutaryl CoA reductase, resulting in inhibition of the synthesis of mevalonic
acid, the precursor of cholesterol and other isoprenoids. In addition, targeting of
synthesis of plasma membrane cholesterol with statins also represents a potential
strategy to antagonise Ply and other bacterial, cholesterol-binding, pore-forming
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toxins, and indeed some evidence derived from experimental studies appears to
support this contention. Two of these have reported that in vitro exposure of human
airway epithelial cells or brain microvascular endothelial cells to simvastatin results in
significant attenuation of the cytolytic actions of the toxin. The authors concede,
however, that several mechanisms may underpin statin-mediated protection of

145,146

eukaryotic cells against Ply, such as interference with G-protein receptor-

mediated intracellular signalling via inhibition of synthesis of other isoprenoids.**’ In
addition to these in vitro studies, the protective potential of statins has also been
demonstrated in a murine model of sickle cell disease in which significantly improved
survival was observed in simvastatin-treated animals experimentally infected with the

pneumococcus.*®

To our knowledge, however, there are currently no reports of clinical trials
addressing the issue of adjuvant therapy with statins in the setting of severe
pneumococcal disease. There is, however, a number of observational studies, which
have reported significantly improved survival of hospitalised patients with CAP who
were already receiving statins for treatment of pre-existing cardiovascular conditions
[reviewed in 102 and 147]. Notwithstanding the observational nature of these
studies, “the healthy user effect” has also been identified as an additional caveat with
respect to interpretation.**’ Again, to our knowledge, there are only two reported
prospective, controlled clinical trials which have investigated the possible benefit of
adjuvant therapy with statins administered to patients with CAP at the time of
hospitalisation.**®*° |n the first of these, patients were randomised to receive 20 mg
simvastatin (n=19) or placebo (n=15) within 24 hours of hospital admission and daily
for 4 days thereafter. The primary clinical end-point was time to clinical stability,
while secondary end-points included serum concentrations of IL-6, IL-10, TNF-a, and
C-reactive protein (CRP) measured 48 hours post-hospital admission.'*® However,
no differences were evident between the simvastatin-treated and the control groups

of patients with respect to either clinical or inflammatory indices of disease activity.**®

In a more recent and definitive, prospective clinical trial to which 2016 adult
patients hospitalised with CAP were enrolled over a 2% year period following
admission to 5 different hospitals in Chicago (n=3) and Nashville (n=2) in the USA,

the effects of statin use, most commonly simvastatin, prior to and during
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hospitalisation (n=483 patients) on length of hospital stay (LOS) and in-hospital
mortality were recorded.'*® The authors reported that “in a large prospective study of
adults hospitalized with CAP, we found no evidence to suggest that statin use before
and during hospitalization improved LOS or in-hospital mortality”.**° A limitation of

this study, however, is the lack of inclusion of data on statin dose.

While this latter study in particular appears to discount a role for adjuvant
therapy with statins in CAP, the issue of sub-groups of patients, such as those with

pneumococcal CAP and those who smoke,**°

the influence of dose and type of
statin, as well as the possible interactions of statins with macrolides, require further
investigation. With respect to the latter two points, the findings of the “SNOOPI” Trial
(simvastatin to modify neutrophil function in older patients with septic pneumonia”)
are of interest. This is a UK-based, phase 4, randomised, placebo- controlled trial to
which 61 clinically-matched patients aged =55 years hospitalised with CAP-
associated sepsis were randomised on admission to receive simvastatin (n=31) at a
comparatively high daily dose of 80 milligrams (mg) continuing for 7 days, or a
matched placebo (n=30), some of whom were also receiving macrolides.*** The
primary end-point was altered neutrophil extracellular trap (NET) formation at 3-4
days, while secondary end-points included neutrophil migration in vitro, safety and
tolerability, length of hospital stay, re-admissions over a 6 month period, and
mortality. No differences between the 2 groups with respect to NETosis were
observed. However, in the case of the various secondary end-points, adjuvant
therapy with simvastatin was associated with significantly improved neutrophil
migration (p=0.033). In addition, statin-treated patients “were less likely to have been
(re)admitted to hospital or died compared to those in the placebo group (OR: 0,44,
95% CI: 0.21-0.91; p=0.02)", while the statin was well tolerated when co-prescribed

with macrolides.*®*

Another recent, retrospective study determined the frequency of concurrent
statin and macrolide administration in hospitalised patients diagnosed with
pneumonia (n=162 patient episodes), as well as the impact of
continuation/interruption of statin therapy during hospitalisation on disease severity
(measured by CURB score, survival at hospital discharge, and frequency of ICU
admission), and the safety and tolerability of concurrent therapy.*>? Sixty two percent
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of the cohort continued to receive concurrent administration of statins and
macrolides throughout pneumonia treatment. In comparison with the group receiving
macrolides in which administration of statins was interrupted, concurrent
macrolide/statin therapy was associated with significant improvement in survival at
hospital discharge (79% vs 64%, p=0.034) and a decreased rate of admission to ICU
(28% VS 46%, p=0.0219), while CURB scores and safety/tolerability criteria were
similar in both groups.*? The authors concluded that “continued statin use during
treatment for pneumonia is safe and may improve survival compared to stopping
statin use. Current guidance on concurrent use of statins and macrolides should be

reviewed”.*>?

Despite several negative reports, additional stringently controlled trials focused
on statin adjuvant therapy in CAP appear warranted, with particular focus on the
type, dose and duration of statin therapy, identification of those sub-groups of
patients who are likely to be most responsive, and the possible beneficial

interactions of statins with macrolides.
Corticosteroids

Although their possible effects on the pro-inflammatory activities of Ply appear to be
unexplored, the broad-spectrum anti-inflammatory properties of corticosteroids
enable these agents to suppress the pro-inflammatory activities of a range of cells of
the adaptive and innate immune systems, as well as structural cells.**®* Neutrophils
are a possible exception due to anti-apoptotic interactions of corticosteroids with
these cells.*® Like macrolides, corticosteroids act at the level of gene transcription,
primarily by a mechanism known as tethered trans-repression which involves
intracellular formation and nuclear translocation of a homodimeric complex of
corticosteroids with the glucocorticoid receptor-a. This complex, in turn, interacts with
the transcription factors NFkB and AP-1 bound to their cognate DNA binding sites,
resulting in recruitment of the enzyme, histone deacetylase, with resultant repression
of genes encoding various pro-inflammatory cytokines, chemokines, adhesion

molecules and enzymes.™**>°
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156-158 a5 well as studies in murine

Three small, uncontrolled clinical studies.
models of secondary pneumococcal pneumonia,*****® have recorded benefit of
adjuvant corticosteroid therapy in the treatment of severe pneumococcal disease. In
the case of the latter studies, the first of these by Damjanovic et al. used a murine
model of influenza and pneumococcal superinfection to investigate the protective
potential of azithromycin and dexamethasone individually and in combination
administered post-infection on survival, bacterial loads and dissemination, and lung
immunopathology. Animals were initially infected with a non-lethal dose of murine-
adapted H1N1 influenza virus followed 7 days later by a “small dose” of a clinical
isolate of serotype 3 of the pneumococcus.*®® All animals infected with influenza
virus alone survived, while a 100% mortality rate was observed within 72 hours in co-
infected animals. Treatment of co-infected animals with azithromycin alone resulted
in significantly improved survival and bacterial clearance, in the setting of essentially
unchanged pulmonary inflammatory indices and immunopathology, while these
parameters were unaffected by dexamethasone which caused only moderate anti-
inflammatory activity.®® Treatment with the combination of azithromycin and
dexamethasone, on the other hand, was associated with the best rates of bacterial
clearance and survival, as well as improvements in pulmonary inflammation and
immunopathology.®® In a second, somewhat similar, study, Ghoneim et al., also
using a murine model of influenza-related, secondary pneumococcal pneumonia with
the same viral and bacterial pathogens as those used in the aforementioned study,
investigated the effects of dexamethasone as an adjunct to antimicrobial therapy
with ampicillin.*®® These authors observed that treatment with ampicillin alone cured
mice with mild pneumonia.*® However, even in the setting of decreased pulmonary
bacterial loads, bactericidal ampicillin was found to be ineffective against severe
disease, which was associated with antibiotic-mediated increased immunopathology,
possibly due to increased release of Ply and other pro-inflammatory bacterial
products from disintegrating bacilli.**®® These adverse effects of ampicillin on survival
and lung immunopathology in mice with severe pneumococcal disease were
attenuated by inclusion of adjunctive dexamethasone.**® The authors of both of
these experimental studies concluded that corticosteroids merit further study as
adjunctive agents in the therapy of influenza-related, secondary pneumococcal

pneumonia.t>%1¢°



26

To our knowledge, however, no large, stringently controlled clinical trials
have addressed the issue of adjuvant corticosteroid therapy in the clinical setting of
severe pneumococcal disease. This situation contrasts with the use of
corticosteroids in the adjuvant therapy of severe CAP, which has been the subject of
a recent systematic review and meta-analysis,'®* as well as a subsequent
retrospective record review reported by Tagami et al.*®? The review by Siemieniuk et
al. concluded “that for hospitalized adults with CAP, systemic corticosteroid therapy
may reduce mortality by approximately 3%, need for mechanical ventilation by
approximately 5%, and hospital stay by approximately 1 day”.*®* In their study,
Tagami et al. reported that the mortality benefit of adjuvant corticosteroid therapy
was limited to those CAP patients with septic shock who had received
catecholamines.'® In a review of these and other studies, Feldman et al. concluded
that “although clarity is still required as to which specific subgroups (of patients) with
CAP would benefit most from adjunctive corticosteroids, those with severe CAP,
those with the highest inflammatory biomarker indices, such as CRP levels of >150
mg/L, and those with shock requiring vasopressor support, appear to experience

greatest benefit”.*®®

In this context, a recently reported re-analysis of data*®* derived from a
randomised, placebo-controlled, clinical trial on the adjunctive efficacy of prednisone
in patients hospitalised with CAP originally reported by Blum et al.,*** and included in
the Siemieniuk et al. systematic review,*®! is noteworthy. In the re-analysis, the
authors focused on sub-groups of patients with proven pneumococcal pneumonia
(n=106, 53 each in the prednisone- and placebo-treated sub-groups), as well as on
antibiotic-specific effects.'® Although the findings of the original trial revealed
significant overall benefit of prednisone in all-cause CAP, specifically shorter time to
clinical stability, the re-analysis revealed that this favourable response to adjunctive
prednisone therapy was less evident in the sub-group of patients with pneumococcal
pneumonia, being associated with longer duration of intravenous antibiotic therapy
(p=0.01).'** With respect to antibiotic effects, the authors also reported a “trend
towards re-hospitalisation in the prednisone-treated compared with the placebo-
treated patients who did not receive B-lactam/macrolide combination therapy, as well
as a trend towards re-hospitalisation in patients who received B-lactam monotherapy.
Sensitivity analysis also confirmed such a trend in patients who had not received a
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macrolide which became statistically significant after adjustment for baseline
characteristics”.'®* The authors do concede, however, that these findings should be
interpreted cautiously. In an earlier randomised, controlled trial on adjuvant
prednisolone therapy in patients hospitalised with CAP reported by Snijiders et al.,'®®
which was also included in the Siemieniuk et al. review,'®* sub-group analysis also
revealed that patients with proven pneumococcal CAP experienced lower clinical

cure rates at day 30 post-admission (p=0.01) and more late failures (p=0.02).

The apparent unresponsiveness of pneumococcal CAP to corticosteroid

adjuvant therapy reported in these latter clinical studies *****°

may be attributed to
the probable insensitivity of neutrophils to these agents, suggesting that the anti-
inflammatory efficacy of corticosteroids in pneumococcal CAP may be improved
when used in combination with macrolides. However, this contention remains to be
established and may be clarified pending the outcome of several ongoing clinical

trials.1®®

Agents which inhibit platelet activation
Aspirin

In addition to their potential benefit in the prevention of the cardiac complications
associated with all-cause CAP, recent pre-clinical studies documenting Ply-mediated
activation of homotypic platelet aggregation and heterotypic nueutrophil:platelet
aggregation suggest that anti-platelet therapies may be of adjunctive benefit in
pneumococcal CAP.*"98167188 gayera| recent clinical studies have indeed implicated

platelet activation in the pathogenesis of sepsis-associated ALI/ARDS/multi-organ

169,170 171,172 A

dysfunction syndrome, as well as CAP-related acute cardiac events.
number of observational studies have reported that pre-hospital admission usage of
inhibitors of platelet activation, mostly, but not limited to, aspirin, is associated with
improved outcome in these clinical settings.>’**"” A recent meta-analysis focused on
both pre-clinical models and clinical studies on the prevention of, or treatment of
ARDS with aspirin concluded that current evidence, although suggestive, is

insufficient to support the use of aspirin in ARDS.*"® The authors propose, however,
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that prospective randomised clinical trials appear justified, subsequent to the prior
acquisition of clinical trial data on mechanisms of therapeutic action, which could be

used “to guide optimal timing and dose”.*™

On a less optimistic note, however, two recent clinical trials failed to detect
beneficial effects of administration of aspirin, either prior to, or following hospital
admission on development of ALI or ARDS respectively.*”*¥° |n the first of these, a
large multicentre, international observational study to which 3,855 high-risk patients
were enrolled, 976 of whom were receiving aspirin therapy prior to hospital
admission, no statistically significant associations between pre-admission aspirin
therapy and development of ALI were detected.*”® The second was a multicentre,
double-blind, placebo-controlled, phase 2b clinical trial to which 390 patients at risk
for ARDS were randomised to receive either aspirin (a 325 mg loading dose,
followed by 81 mg/daily) or placebo (n=195 in each group) within 24 hours of
emergency department presentation continuing daily for 7 days or until discharge or
death.'® The authors of this study failed to detect beneficial effects of administration
of aspirin in reducing the risk of ARDS at 7 days, leading them to conclude that the
findings “of this phase 2b clinical trial do not support continuation to a larger phase 3

trial.”18°

Several other studies, have reported that usage of non-steroidal anti-
inflammatory drugs (NSAIDs), including aspirin, prior to hospital usage may actually
predispose to worse outcomes in patients with CAP, including pneumococcal CAP,
possibly as a consequence of masking of symptoms, leading to delayed

183 the authors also

administration of antibiotic therapy.*®*%* In one of these studies,
implicated suppressive effects of aspirin on innate pulmonary, anti-pneumococcal
defences described in an earlier study.*®* However, others have reported the
opposite, observing that aspirin and other NSAIDs enhance the opsonophagocytosis
and intracellular killing of both the pneumococcus and Klebsiella pneumoniae by

human phagocytes both in vitro and ex vivo.'#>'%°
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To our knowledge no stringently controlled studies have been reported which
document the protective potential of aspirin or other types of NSAID in
pneumococcal CAP. It is, however, noteworthy, that aspirin has recently been
reported to significantly increase mortality in a murine model of Ply-mediated ALI,
following intra-tracheal injection of the toxin.*®’ The authors of this study observed
that Ply caused potent activation of the synthesis of pro-inflammatory cysteinyl
leukotrienes by airway mast cells, causing vascular leakage and
bronchoconstriction.’®” The adverse effects of aspirin on survival in this model of Ply-
mediated ALI resulted from inhibition of the synthesis of another arachidonic acid-
derived, bioactive lipid, 12(S)-hydroxyheptadecatrienoic acid, which decreases
sensitivity to cysteinyl leukotrienes by down-regulating expression of the counter-
receptor, CysLTR1, on airway endothelial and smooth muscle cells.*®” The findings
of this pre-clinical study, taken together, with the aforementioned studies, suggest

that aspirin adjunctive therapy may even be contra-indicated in pneumococcal CAP.
PARL1 antagonists

Other categories of pharmacological inhibitors of platelet activation such as
antagonists of the P2Y12 purinergic receptor, or PAR1 antagonists, have not yet
been evaluated in the clinical setting of pneumococcal CAP. We believe, however,
that of these various agents only PAR1 antagonists are likely to be of therapeutic
value in this context. This contention is based on the seemingly key involvement of
platelet PAR1 in Ply-mediated heterotypic neutrophil:platelet aggregation.’® Only one
PAR1 antagonist, vorapaxar, is currently clinically available for “the reduction of
thrombotic cardiovascular events in higher-risk patients with a history of myocardial
infarction or peripheral artery disease”.® Although not yet evaluated in the clinical
settings of either all-cause CAP or pneumococcal CAP, the anti-inflammatory
efficacy of this agent has been demonstrated in a murine model of experimental
pneumococcal pneumonia, attenuating both pulmonary influx of neutrophils and

k’189

alveolar lea possibly by targeting endothelial PAR1 (murine platelets do not

express this receptor).

The various categories of Ply-neutralising agent and their modes of action are

summarised in Table 1.
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Table 1: Summary of agents which neutralise the pore-forming/anti-inflammatory activities

of pneumolysin (Ply) directly and/or indirectly

Agent

Mechanism of action

Current status

Murine monoclonal
antibodies (PLY-4 and
PLY-7)

B-sitosterol and
cholesterol/sphingomyelin-
loaded liposomes

Verbascoside, apigenin,
amentoflavone

Macrolide antibiotics

Statins

Corticosteroids

Aspirin

Vorapaxar

Interfere with both the binding of
Ply to target cells and
cytolyticactivity'®®

Cholesterol mimics which
antagonise binding of the
toxinlO4-106

Interfere with the oligomerisation

of Ply on cell membranes®"*%°

e Inhibit production of Ply****#*

e Attenuate neutrophil
migration™'’ 8

e May antagonise Ply by
decreasing membrane
cholesterol
concentrations

e Possess anti-inflammatory
activities™’

145,146

Broad spectrum anti-
inflammatory activity*>**>®

Inhibitor of thromboxane A,-
mediated platelet activation™*’

Antagonist of platelet PAR1%®

Have not been evaluated in the
clinical setting

Have not been evaluated in the
clinical setting

Have not been evaluated in the
clinical setting

Recommended in most national
guidelines for treatment of CAP

Definitive clinical trials focused
on pneumococcal CAP and all-
cause CAP necessary

Increasing, but not yet
conclusive evidence for efficacy
in all-cause CAP;*®*"*% efficacy
in severe pneumococcal disease
unknown, but concerns
exist164,166

Efficacy in all-cause
CAP/pneumococcal
CAP/ALI/ARDS uncertain

No clinical trial data in all-cause
CAP/pneumococcal CAP
available

Conclusions

Ply is increasingly recognised as being a major contributor not only to pneumococcal

colonisation of the airways, subversion of host defences, transmission and invasion,

but also to the pathogenesis of acute organ damage and dysfunction, particularly

acute lung and cardiac injury. Accordingly, therapeutic targeting of Ply as an adjunct

to antimicrobial therapy has attracted considerable interest. Notwithstanding
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monoclonal antibody- and liposome-based Ply neutralisation strategies, recent pre-
clinical studies have identified a number of low molecular weight phytochemicals
which target the membrane-binding and/or pore-forming activities of the toxin.
However, the efficacy of all of these remains to be evaluated in the clinical setting.
Other categories of pharmacological agents which are the subject of ongoing
evaluation as adjunctive therapies in CAP include macrolides, corticosteroids, statins
and aspirin. Of these, macrolides, which target both the synthesis and pro-
inflammatory activities of Ply, both directly and indirectly, appear to be the most
effective, current adjunctive therapies in the setting of pneumococcal CAP, while
uncertainty persists with respect to statins, corticosteroids and aspirin. The anti-
inflammatory adjunctive potential of the PAR1 antagonist, vorapaxar, described in a
pre-clinical study remains to be evaluated in the clinical setting of pneumococcal
CAP.
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