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Abstract

It is now well recognized that cardiovascular events (CVE) occur quite commonly,
both in the acute phase and in the long-term, in patients with community-acquired
pneumonia (CAP). CVE have been noted in up to 30% of patients hospitalized with
all-cause CAP. One systematic review and meta-analysis of hospitalized patients
with all-cause CAP noted that the incidence rates for overall cardiac events were
17.7%, for incident heart failure were 14.1%, for acute coronary syndromes were
5.3% and for incident cardiac arrhythmias were 4.7%. In the case of pneumococcal
CAP, almost 20% of patients studied had one or more of these cardiac events.
Recent research has provided insights into the pathogenesis of the acute cardiac
events occurring in pneumococcal infections. With respect to the former, key
involvements of the major pneumococcal protein virulence factor, pneumolysin, are
now well documented, whilst systemic platelet-driven neutrophil activation may also
contribute. However, events involved in the pathogenesis of the long-term
cardiovascular sequelae remain largely unexplored. Emerging evidence suggests
that persistent antigenaemia may predispose to the development of a systemic pro-
inflammatory/prothrombotic phenotype underpinning the risk of future cardiovascular
events. The current manuscript briefly reviews the occurrence of cardiovascular
events in patients with all-cause CAP, as well as in pneumococcal and influenza
infections. It highlights the close interaction between influenza and pneumococcal
pneumonia. It also includes a brief discussion of mechanisms of the acute cardiac
events in CAP. However, the primary focus is on the prevalence, pathogenesis and
prevention of the longer-term cardiac sequelae of severe pneumococcal disease,

particularly in the context of persistent antigenaemia and associated inflammation.
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Introduction

It is clear that community-acquired pneumonia (CAP) remains an extremely common
infection throughout the world, which continues to be associated with substantial
morbidity and mortality [1-4]. There are geographical differences in the microbial
etiology of CAP and recent studies from the United States of America (USA) have
suggested that respiratory viruses are the most common cause, followed by S.
pneumoniae (pneumococcus) [5]. Nevertheless, the pneumococcus is still the cause
of some 10-15% of inpatient causes of CAP in the USA [1]. In other regions of the
world, such as Europe, the pneumococcus remains the most common cause of CAP,

with a considerable burden of disease [6, 7].

It is now well recognized that cardiac complications occur commonly in patients with
CAP, particularly among hospitalized cases, and include acute myocardial infarction
(AMI), new or worsening arrhythmia and new or worsening heart failure; these
complications are associated with both short-term and long-term mortality [1-3]. This
review will describe various aspects of cardiac complications, particularly in the

setting of pneumococcal CAP.



Occurrence of cardiovascular events in patients with community-acquired

pneumonia

Cardiovascular events (CVEs) have been noted to occur in patients with CAP,
including those with all-cause CAP, in pneumococcal infections and in those with

viral infections, especially influenza infections.

All-cause CAP

In 1984, Spodick and colleagues noted that acute respiratory symptoms occurred
frequently in patients with AMI, significantly more so than in controls (p<0.02) [8].
The authors suggested that further investigations were required to determine
whether there was any pathogenic relationship between these infections, which they
presumed were viral, and the onset of AMI. Subsequently, Seedat et al. documented
the occurrence of significant electrographic changes in patients with community-
CAP, in association with cardiac enzyme leaks (creatinine kinase [CK]), including the
cardiac fraction [CK-MBJ]), which were associated with the severity of infection [9].
More recently, a number of other investigators have documented the occurrence of a
variety of CVEs in patients with CAP [10-12]. These findings were in agreement with
those of an earlier systematic review and meta-analysis of complications in patients
with CAP, which had indicated that significant cardiac complications occurred in a
considerable number of cases [13]. The latter authors indicated that further research
was required to identify the mechanisms of this association, the impact on patient
outcomes and which patients are at highest risk, as well as to design preventative

and treatment strategies [13].



While stroke and deep venous thrombosis have been identified as complications in
patients with CAP, most CVEs involve the heart and include new or worsening heart
failure, new or worsening arrhythmia (especially atrial fibrillation) and AMI [14, 15].
These CVEs, which occur in as many as 30% of hospitalized patients, are more
common among older patients, nursing home residents, those with pre-existing
CVEs and in severe pneumonia, but may also occur in cases with no apparent
underlying risk factor(s) [14—18]. Most of the cardiac events were documented within
the first week of illness, and more than 50% were noted to occur within the first 24
hours [15]. In the systematic review of observational studies, mentioned above, the
incidence rates for overall cardiac complications were 17.7% (confidence interval [CI]
13.9-22.2), for incident heart failure were 14.1% (CI 9.3-20.6), for acute coronary
syndromes were 5.3% (CI 3.2-8.6) and for incident cardiac arrhythmias were 4.7%

(Cl 2.4-8.9) [13].

While the occurrence of these CVEs was found to be associated with short-term
mortality [14, 15], more importantly perhaps, these events have been documented to
be associated with poor long-term prognosis, as well as with raised long-term risk of
cardiovascular disease (CVD) [19-25]. Cardiovascular risk following an episode of
CAP has been found to be highest in the first year, or in the first few years, following
hospitalization; however, the increased risk has been found to extend as far out as
10 years in those studies that have evaluated the risk over that period of time [21-
24]. This has prompted a number of investigators to derive risk stratification rules for
determining which patients with CAP are at risk of acute cardiac complications [26,

27].



CAP due to Streptococcus pneumoniae

Griffin et al. in a study investigating risk factors for CVEs in patients with CAP noted
that these occurred more frequently when Staphylococcus aureus or Klebsiella
pneumoniae were the infecting pathogens [17], while the one study undertaken to
derive a risk stratification tool for cardiac events, noted a greater risk in patients with
CAP due to Streptococcus pneumoniae [26]. A second study investigating the
differential roles of laboratory-confirmed pathogens as causes of both AMI and
stroke documented that S. pneumoniae and the influenza virus were the most
important causes of CVEs [28]. AMI rates associated with S. pneumoniae and
influenza virus were increased substantially in the week following infection, with the
rates of stroke being similarly high. Although point estimates for both outcomes were
also raised for other respiratory viruses, they only reached significance for day 4-7
estimates for stroke. Musher and colleagues were among the first to document acute
cardiac events in association with pneumococcal pneumonia (AMI, arrhythmia and
new or worsening heart failure), which occurred in almost 20% of their patients with
CAP [29]. The major cardiac events documented in 170 consecutive hospitalized
patients with pneumococcal CAP in that study are summarized in Table 1.
Furthermore, Geng and colleagues documented a case of Takotsubo
cardiomyopathy in association with sepsis due to S. pneumoniae [30], while Gandhi
and colleagues documented transient cardiomyopathy with myocarditis in severe

infection due to S. pneumoniae [31].



CAP due to influenza virus infection

Cardiac complications from influenza infection, such as myocarditis, are well
documented; however, it is also apparent from a number of studies that there is also
a potential association between influenza infections and AMI [28, 32—37]. While
association rates for AMI and other CVES, such as stroke, are strongest with the
influenza virus, other viruses, including respiratory syncytial virus (RSV), human
metapneumovirus, rhinovirus and adenovirus, have also been implicated in the
occurrence of CVEs. The reason for emphasizing the role of influenza virus in this
current review, is that the potentially sinister interaction between this virus in
particular, as well as other respiratory viruses, with pneumococcal pneumonia has
been regularly described [38, 39]. One study, which sought to confirm the
association between invasive pneumococcal pneumonia (IPP) and respiratory viral
infections, examined 11 influenza seasons between 1994 and 2005 in the US [40].
The authors noted that IPP was associated with influenza and RSV in five seasons,
with the strength of the association being highest when strain H3N2 was the

predominant influenza A strain.

Experimental investigations, sometimes supported by in vitro studies of post-mortem
human specimens, have investigated the interactions between pandemic influenza,
including both the 1918 influenza pandemic and the HIN1 2009 influenza pandemic,
and pneumococcal co-infection, to determine the reason(s) why the interaction of
pneumococcal infections with pandemic influenza is associated with such
considerable morbidity and mortality [41, 42]. Shrestha and colleagues, using weekly
incidence data, noted that there was evidence of a strong, but relatively short-lived,

interaction between influenza infection and pneumococcal infection resulting in an



approximately 100-fold increase in susceptibility to pneumococcal pneumonia [43]. In
this context, the order and timing of influenza and pneumococcal infection are
important, with experimental animal studies indicating that influenza infection
occurring approximately 7 days before pneumococcal infection is associated with

particularly severe infection [44].

With respect to pathogenesis, a number of transcriptional changes occur in the
pneumococcus per se following influenza A virus infection, which are associated with
fever and cell damage and result in the transition from asymptomatic
nasopharyngeal colonization in biofilm, to an active, invasive pathogen [45]. This is
supported by substantial evidence, much of it derived from animal models of
experimental infection, that influenza virus infection is associated with alterations in
the host respiratory tract that predispose to adherence, invasion and induction of
disease by the pneumococcus [46]. These result in increased adhesion of the
pneumococcus to virus-activated respiratory epithelium, together with alterations in
pulmonary innate and adaptive immune responses that result in impaired clearance
of the bacteria, as well as a chronic inflammatory response lasting for up to 26
weeks due to persistent viral antigenemia, specifically RNA, in the lower airways
[47-49]. Pneumococcal replication in the airways may be further enhanced by an
increased availability of free sialic acids derived from cleavage of host mucin by viral
neuraminidase [50]. Another mechanism contributing to influenza virus-mediated
persistence and replication of the pneumococcus relates to viral infection of airway
dendritic cells, resulting in upregulation of intracellular expression of Toll-like
receptor 3 (TLR3), which senses double-stranded RNA. This, in turn, may

exacerbate pro-inflammatory cytokine production, not only via interactions of TLR3



with viral RNA, but also with bacterial endosomal RNA present in bystander dendritic

cells infected with pneumococci [51].

Taken together, these findings, which are summarized in Table 2, may explain why
preceding influenza virus infection, as well as infections caused by other types of
respiratory viruses, leads to an increased bacterial burden in the airways, thereby

contributing to both pneumococcal transmission and severity of disease [52-56].

Table 2: Mechanisms by which influenza virus infection predisposes for secondary
pneumococcal infection

Mechanism Reference

e Promotes transition of the pneumococcus from a 45
nasopharyngeal colonist to an invasive pathogen

¢ Interferes with the protective activity of the mucociliary 46, 50
clearance system, while generating sialylated nutrients, which
enhance the proliferation of the pneumococcus in the airways

e Promotes increased attachment to, and invasion of respiratory 46
epithelium via neuraminidase- and pro-inflammatory-
dependent mechanisms

¢ Inhibits the phagocytic activity of pulmonary macrophages due 47, 48
to excessive production of interferon-gamma

e Sustains a chronic, potentially immunosuppressive pulmonary 49
phenotype due to persistence of pro-inflammatory viral RNA in
the lungs

Mechanisms of acute myocardial injury in pneumococcal community-acquired
pneumonia

Much recent research, largely based on murine [57—60] and non-human primate [61,
62] models of experimental pneumococcal disease, has focused on the

pathogenesis of CVEs during the early, acute phase of severe pneumococcal



infection. Such research, which has been the subject of several recent reviews [11,
63—65] is covered only briefly here as the primary focus of the current review is on
the prevalence, pathogenesis and prevention of the longer term cardiac sequelae of
severe pneumococcal disease, particularly in the context of persistent antigenemia

and associated inflammation.

Currently, two putative mechanisms have been implicated in the pathogenesis of
myocardial damage and dysfunction during the acute, bacteremic phase of severe
pneumococcal disease. One of these, which is also the best characterized, involves
the cardiotoxic actions of the pneumococcal cholesterol-binding, pore-forming
cytolysin, pneumolysin (PLY), while the other involves pro-thrombotic mechanisms
involving various pneumococcal virulence factors, including PLY. The existence of
the former mechanism has been demonstrated in both murine and non-human
primate models of severe pneumococcal disease, which have revealed that invasion
of the myocardium by the pneumococcus is an essential, initial step in induction of
myocardial damage. [57, 58, 60]. Myocardial invasion by the pneumococcus is
dependent on the pneumococcal adhesins, choline-binding protein A (CbpA) and
phosphorylcholine, which promote trans-endothelial passage of the pathogen via
binding to endothelial laminin and platelet-activating factor receptors, respectively
[57]. The pneumococcal pilus-1 associated adhesin RrgA has also been reported to
interact with the endothelial receptors, platelet-endothelial cell adhesion molecule-1
(PECAM-1) and the polymeric immunoglobulin receptor, to promote trans-endothelial
passage of the bacteria from the circulation into the brain [66, 67]. In pilus-1
expressing pneumococci RrgA might therefore also contribute to translocation of the

pathogen from the circulation into the heart tissue.
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Invasion of the myocardium by the pneumococcus has been reported to result in the
formation of early microlesions, enabling the pathogen to undergo intracellular
invasion, survival and replication in small vesicles, which was dependent on bacterial
adhesins, as well as the cytotoxins, PLY and pneumococcus-derived hydrogen
peroxide, acting in concert [57, 68]. This was followed by development of mature
microlesions, facilitated by PLY-mediated neutralization of resident, sentinel
macrophages, in which the pneumococcus transitioned to a more persistent
intracellular, biofilm-forming phenotype associated with high-level production of PLY
[59, 69]. In this setting, myocardial damage and dysfunction appeared to result from
the sub-lethal and lethal effects of the toxin, also acting in concert with hydrogen

peroxide, on cardiomyocytes [57, 58, 68].

Although myocardial damage can also be induced by the systemic administration of
recombinant PLY [70], a recent study has demonstrated that in the setting of severe,
experimental pneumococcal infection caused by nine different serotypes of the
pathogen, induction of cardiac damage is dependent on a high degree of bacteremia
and is also strain specific [71]. Importantly, the nine pneumococcal strains tested
varied with respect to their levels of PLY expression, albeit in artificial culture
medium in vitro, possibly consistent with serotype-related, differential involvement of
the toxin in the mediation of myocardial damage [71] and/or the ability of the
pneumococcus to tightly regulate PLY production according to environmental

conditions [72].

The second, prothrombotic/pro-inflammatory mechanism of pneumococcus-

mediated myocardial damage has been less well explored in comparison with that
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involving the direct cardiotoxic actions of PLY. The existence of this mechanism,
which has recently been reviewed extensively elsewhere [64, 65] is based
predominantly on data derived from in vitro experiments, as well as limited data from
experimental animal models and clinical studies of severe CAP. It proposes that
pathogen-driven systemic activation of platelets and neutrophils predisposes to the
development of intra-vascular thrombosis, which may contribute to the pathogenesis
of cardiovascular dysfunction [63, 64]. In this context, it is proposed that various
pneumococcal virulence factors, including PLY, initiate and sustain a chain of events
involving platelet activation and homotypic aggregation, as well as formation of
heterotypic neutrophil:platelet aggregates, leading to the induction of neutrophil
extracellular trap (NET) formation, thereby posing the potential risk of intravascular

coagulation, microvascular dysfunction and cardiac damage.

These events are summarized in Figure 1.
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Nasopharyngeal colonization
with the pneumococcus and
invasion of the lower respiratory tract

T',;l | 3

Extrapulmonary dissemination of the
pneumococcus with resultant bacteraemia

Invasion of the Coronary artery
myocardium thrombosis

]
I

A Damaged myocardium

Myocardial dysfunction

Figure 1. Proposed mechanisms involved in the pathogenesis of pneumolysin-
mediated myocardial injury during invasive pneumococcal disease in humans.
Following nasopharyngeal colonization, invasion of the lower respiratory tract, extra-
pulmonary dissemination, and cardiac invasion by the pneumococcus (O©O-symbol
represents diplococci), intra-myocardial and intravascular release of pneumolysin
(PLY) by the pathogen results in A: PLY-mediated death and dysfunction of
cardiomyocytes; B: intravascular activation of platelets and neutrophils with resultant
formation of pro-thrombotic/pro-NETotic neutrophil (N):platelet (P) aggregates (as
illustrated in the magnification of an affected coronary arteriole/artery); and C:
development of myocardial damage and dysfunction. Reproduced with permission of
the International Journal of Molecular Sciences (Anderson R, Nel JG, Feldman C.
Multifaceted Role of Pneumolysin in the Pathogenesis of Myocardial Injury in
Community-Acquired Pneumonia. Int J Mol Sci 2018; 19: 1147.)
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Persistent inflammation following clinical recovery from pneumococcal
infections in the pathogenesis of CVE

There is an increasing awareness of the potential roles of persistent pneumococcal
antigenemia and ongoing chronic inflammatory processes that follow clinical
recovery from pneumococcal infections as interlinked drivers of long-term CVD, as

well as infective and other adverse events.

Persistent antigenemia as a potential cause

Bacterial pathogens belonging to the genus Streptococcus are generally considered
to be extracellular organisms. There are, however, some notable exceptions. For
example, S. pyogenes has been found to survive intracellularly in human respiratory
epithelial cells, neutrophils and macrophages [73—77]. In the case of macrophages,
intracellular survival is dependent on the activity of the cholesterol-binding, pore-
forming toxin, streptolysin-O, which promotes escape of the pathogen from
phagolysosomes [75, 76]. This is achieved by toxin-mediated attenuation of vacuolar
acidification, as well as induction of membrane damage, enabling escape and
cytosolic growth of the pathogen [75, 76]. In this setting, the virulence of the
pathogen is potentiated by the enzyme NAD-glycohydrolase (NADase), which

depletes cellular energy stores [75].

Like its very close relative, the pneumococcus has also recently been reported to
survive intracellularly in murine splenic CD169* (diphtheria toxin receptor)-
expressing macrophages, a subset of these cells, which plays a key role in detecting
and trapping blood-borne pathogens [78]. Intracellular survival of the pneumococcus

in these splenic macrophages resulted in the establishment of a reservoir of the
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pathogen, which, in turn, contributed to the development of fatal septicemia [78].
Interestingly, intracellular eradication of the pneumococcus was prevented by
administration of macrolide antibiotics, which accumulate intracellularly, but not by

beta-lactams [78].

In addition, it was recently published that PLY not only interacts with cholesterol, but
also with the mannose receptor 1 (MRC-1), a receptor expressed by dendritic cells
and M2-polarized macrophages [79]. MRC-1-PLY interaction enables pneumococci
to enter cells in MRC-1- coated endosomes, a compartment which does not fuse
with phagosomes. Consequently, pneumococci expressing cell surface-associated
PLY can establish intracellular persistence in MRC-1-expressing immune cells,
including dendritic cells and resident alveolar macrophages in the airways and
possibly the myocardium. In this cellular compartment, PLY-expressing pneumococci
mediate an anti-inflammatory response unlike the pro-inflammatory response typical
of infected immune cells lacking MRC-1, such as M1-polarized macrophages, which

may also favour intracellular persistence [79].

In the case of the heart, the exact cell type(s) implicated in intracellular replication
and possible persistence of the pneumococcus remain to be identified, with
cardiomyocytes, resident macrophages and/or fibroblasts being the most likely

contenders.

Several studies involving human subjects infected with the pneumococcus are also
consistent with the propensity of the pathogen, or its pro-inflammatory products, to

persist beyond clinical recovery. A number of early studies, mainly involving patients
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with pneumococcal pneumonia, in which capsular polysaccharide was detected in
serum, sputum and/or urine using counter-current immune-electrophoresis and or
latex agglutination procedures, described persistence of antigen for up to 3 weeks
[80—83]. In another such study, pneumococcal capsular antigenemia, persisting for
longer than 25 weeks after diagnosis, was detected in two of the nine patients tested
[84]. Following the availability of an immunochromatographic procedure for the
detection of pneumococcal capsular polysaccharide in urine, persistent antigenemia
has been detected in 69.5% and 52.9% of patients at 1 month after hospital
discharge and 1 month after diagnosis of pneumococcal pneumonia respectively [85,
86]. In the latter study, 66%, 33%, and 11% of urinary antigen-positive patients

remained positive after 2, 4 and 6 months respectively [86].

The anatomical locations and cellular origins of reservoirs of pneumococcal
polysaccharides following acute infection remain to be established. In this context,
persistent antigenemia may reflect chronic release from resident tissue
macrophages and other cell types of capsular polysaccharides derived from the
remnants of previously eradicated pneumococci. Other possibilities include
intracellular- and intra-biofilm-related persistence of the pneumococcus post-acute
infection, as well as poor immunogenicity and variations in the rates of clearance of
capsular polysaccharides from different serotypes of the pathogen. With respect to
the latter scenario, the clearance rates of capsular polysaccharides of the
pneumococcus derived from 12 different serotypes of the pneumococcus were found
to vary by a factor of 250 in rabbits and rats [82]. Somewhat more speculatively,
additional mechanisms include persistent antigenemia due to within-serotype

mutations of genes encoding enzymes involved in the synthesis of capsular
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polysaccharides, as has been reported to occur in variants of serotype 6 of the

pneumococcus [87].

Irrespective of the mechanisms, which underpin the ongoing presence of
pneumococcal capsular polysaccharides in the body fluids of some patients for
several months following acute pneumococcal infection, it is probable that persistent
antigenemia contributes to sustaining a pro-inflammatory/pro-coagulant phenotype.
Important issues that remain to be resolved include the possible association of
sustained antigenemia with specific capsular polysaccharide serotypes in humans,
as well as the persistence of other types of pneumococcus-derived, pro-inflammatory
structures, such as nucleic acid, cell-wall peptidoglycan and choline-binding proteins,
membrane lipoproteins and various intracellular protein virulence factors, including
PLY, concealed in pathogen-derived extracellular vesicles (EV) [88-91]. EVs are
produced as protrusions from the bacterial plasma membrane and are readily taken
up by immune cells. Unlike, encapsulated intact pneumococci, pneumococcal EVs
contain exposed plasma membrane lipids resulting in serum complement deposition
and activation of the complement cascade, a putative strategy by which the

pneumococcus diverts and subverts host defenses [89].

The proposed mechanisms of ongoing antigenemia in the wake of acute

pneumococcal infection are summarized in Figure 2.
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Figure 2. Proposed mechanisms of ongoing antigenemia (represented by black
dots) in the post recovery phase of acute pneumococcal CAP and its relationship to
sustained systemic pro-inflammatory/pro-thrombotic activity that may lead to delayed
onset CVEs

Sustained inflammatory/procoagulant phenotype as a cause

Although there is considerable importance in understanding the relationship between
S. pneumoniae infections and patient mortality, most previous studies have only
used in-hospital or 30-day mortality as clinical end-points. One example was a
cohort study in Sweden where logistic regression analyses were performed to
assess risk factors for 30 days mortality of adult patients with community-

acquired bacteremic pneumococcal pneumonia [92]. This study showed that
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smoking, alcohol abuse, solid tumour, liver disease and renal disease were all
significant attributors of the 30 days mortality, whereas heart disease was only
associated with increased mortality in unadjusted, but not in adjusted analyses,
suggesting confounding by other host factors, such as age, that was the most

frequently documented risk factor.

More recent studies have investigated long-term mortality (arbitrarily defined as > 3
months), determining its frequency, risk factors, and implications for possible future
interventions [93]. The risk of long-term mortality (up to 5 years and even longer) in
patients who have survived an episode of pneumonia and its in-hospital related
events is increased compared to that of cases hospitalized for other infections, as
well as those hospitalized for other medical conditions. While older age and
comorbid conditions may play a role in this increased mortality, some studies have
suggested that this long-term mortality persists after adjusting for demographic
characteristics (for example age), comorbidities and other risk factors [93].
Nevertheless, it is recognized that the risk factors for long-term mortality in patients
with CAP include older age, male sex, race, type of pneumonia, chronic comorbid
conditions, and severity of illness [93]. However, many of these conditions are also

potential risk factors for sustained systemic inflammation after an episode of CAP.

An earlier study undertaken by Yende et al. reported an unusually high mortality rate
in the 1-5 year period following discharge from hospital of older patients with CAP
(n=3,075) [94]. Of the more than one-third of patients who succumbed within the 5-
year period [94], mortality was most commonly associated with frequent re-

hospitalization for a subsequent episode of pneumonia, CV and cerebrovascular
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disease, as well as exacerbations of chronic obstructive pulmonary disease [94].
More recently, in another study also focused on hospitalized, older patients
(n=1284), who had recovered from an episode of CAP caused predominantly by the
pneumococcus, Adamuz et al. documented a mortality rate of 7.2% in the first year
following hospital discharge [95]. The major causes of mortality in this study were
infectious disease (48.4%), mostly pneumonia (25.8%), followed by acute CVEs
(20.4%). Most deaths due to infectious disease (86.1%) occurred within the first 6
months, while mortality due to CV causes was stable throughout the 1-year period

[95].

The authors of both of the aforementioned studies attributed the high level of
susceptibility for development of repeat infections following the initial episode of CAP
to residual, post-infective immunosuppression, while a pro-coagulant/pro-thrombotic
phenotype resulting from persistent, low-grade, systemic inflammation was proposed
to be a probable cause of CV dysfunction [94, 95]. The former contention is
supported by several studies in patients with severe sepsis and CAP that have
documented associations of both in-hospital and post-discharge mortality with
elevated circulating levels of the anti-inflammatory/immunosuppressive cytokine, IL-

10 [96-99].

Of these studies, one investigated the systemic cytokine response in patients with
CAP and determined if there was a relationship between patterns of cytokine
responses and severe sepsis and death [97]. Systemic cytokine levels were highest
in CAP patients with fatal severe sepsis and lowest in patients without sepsis, with

highest risk of death being in those with high levels of both the pro-inflammatory
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cytokine interleukin-6 (IL-6) and the anti-inflammatory cytokine IL-10 activity (hazard
ratio (HR) 20.5; 95% CI 10.8-39.0; p<0.001). Importantly, the duration of increased
cytokine activity was longer than the clinical manifestations, and these cytokines
remained elevated beyond clinical resolution. A separate study confirmed that
systemic, but not bronchoalveolar, levels of IL-6 and IL-10, as well as interferon-
gamma (INF-y), were significantly higher in patients with severe CAP compared with
non-severe CAP, with a good correlation with the Pneumonia Severity Index (PSI)
[100]. In the whole group of patients with CAP (both severely ill and non-severely ill
cases), IL-8 and IL-22 were increased in comparison to healthy controls and while
IL-6 levels and IL-10 levels normalized after 7 days, IL-22 levels normalized only
after 30 days, while IL-8 levels remained elevated after 30 days compared with

healthy controls.

Furthermore, Yende and colleagues documented that persistent inflammation,
defined as elevated systemic levels of IL-6 and IL-10, occurred at hospital discharge
of patients with CAP and were associated with all-cause and cause-specific mortality
over one year, despite there having been resolution of the clinical signs of acute
infection [98]. The associations were not related to demographics, comorbidities or
severity of infection. Of the 300 patients in whom the cause of death was identified,
30% was due to CVD. High IL-6 concentrations were associated with death due to
CVD specifically, as well as cancer, infection and renal failure (p<0.008). In a
different study, the same investigators studied survivors of CAP hospitalization from
28 US sites and noted that in 893 subjects, most of whom did not have severe
disease, 88.4% had normal vital signs on hospital discharge, having apparently

recovered from the acute infection [101]. However, D-dimer and thrombin-anti-
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thrombin complex (TAT) levels were elevated in 78.8% and 30.1% of all the patients
(51.3% and 25.3%, respectively, in those without severe sepsis). At one year post-
hospital discharge, these raised levels were associated with a higher risk of all-cause
mortality (HRs 1.66-1.17; p=0.0001 and 1.46-1.04; p=0.001 after adjusting for
demographic characteristics and comorbidities) and CV mortality (p=0.009 and

p=0.003, respectively, in competing risk analysis).

In an additional observational cohort study undertaken by the same investigators,
which was focused on the impact of age, CAP patients were divided into five age
groups, from < 50 years to > 85 years [102]. Circulating inflammatory [tumor necrosis
factor (TNF), IL-6 and IL-10)] biomarkers, as well as those of hemostasis (d-dimer,
factor IX, thrombin-anti-thrombin complex, anti-thrombin and plasminogen-activator
inhibitor-1) and cell surface activation [toll-like receptor (TLR)-2, TLR-4 and HLA-DR]
were measured during the first week of hospitalization, and at discharge, and
compared to 90 day mortality [102]. Significant differences were noted in the 90-day
mortality in the different age groups (progressively higher in the progressively older
age groups), which persisted at one year after discharge from hospital. There were
no age-related differences in inflammatory or cell surface markers in the different
age groups within the first week of hospitalization, but there were very modest
increases in pro-coagulant markers in the elderly compared to the younger patients,
which did not explain the large differences in mortality in the different age groups. On
hospital discharge, and despite clinical resolution, with the presence of normal vital
signs in >85% of patients, older patients had a modest increase in IL-6 levels and in
hemostasis markers, suggesting a delayed resolution of the immune response

compared to younger patients.
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Lastly, since it has been recognized that there is a lower life expectancy in men, the
same investigators undertook a prospective observational study of 2183 patients
with CAP to assess whether the differences in survival of men versus women were
due to clinical characteristics, the quality of care, or differences in the immune
response [103]. At emergency department (ED) admission, men were noted to have
significantly higher inflammatory [TNF, IL-6, IL-10), fibrinolysis (d-dimer) and lower
coagulation (antithrombin Il and factor 1X)] biomarker levels (p<0.05). Survival in
men was lower at 30, 90 and 365 days, and the one year mortality did not appear to
be related to factors such as demographics, smoking, chronic comorbidities, clinical
characteristics, severity of illness or vaccination status, but rather to differences in
the levels of TNF, IL-6, IL-10, d-dimer, anti-thrombin Il and factor X levels measured

in the ED.

Rajas and colleagues, who noted that studies have indicated that the late prognosis
of CAP is frequently related to CVESs, and that persistence of inflammatory markers
is associated with higher long-term mortality from CAP, have published a protocol
outlining a proposed study designed to investigate this relationship further [104]. In
this prospective cohort study, various inflammatory markers will be measured in
patients with CAP on admission and prior to discharge and the primary purpose will
be to determine the ability of these inflammatory markers to predict both short-term
and long-term prognosis in patients with CAP and to evaluate their relationship with

CVEs.
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Host- and pathogen-related factors, which may contribute to the maintenance of a
systemic inflammatory phenotype following an episode of severe pneumococcal
CAP, are documented in Table 3.

Table 3: Host- and pathogen-related factors which may contribute to the
maintenance of a systemic inflammatory phenotype following an episode of
severe pneumococcal CAP

Host-related Pathogen-related
Predominantly factors associated with a Predominantly factors related to immune
low-grade, pre-existing, systemic pro- evasion and intracellular persistence of the
inflammatory/pro-thrombotic state, which is  pneumococcus and its pro-
worsened and perpetuated by an episode inflammatory/pro-thrombotic products:

of severe CAP [92-103]:*
- Immunogenicity of the capsular

- Older age serotype of the pneumococcus,

- Pre-existing CVD magnitude of bacteremia and impact
- Other co-morbidities on rate of clearance of the pathogen
- Male gender [82];

- Smoking/alcohol
- Possible prior episode of influenza
- Severity of illness

Propensity to produce pneumolysin
and intra-myocardial biofilm,
enabling persistence in
cardiomyocytes, cardiac fibroblasts
and macrophages [59, 68, 69];
Propensity to survive intracellularly
in CD169* splenic macrophages,
M2-polarized macrophages and
dendritic cells [78, 79];
Persistence of pneumococcal
antigens in pathogen-derived
extracellular vesicles [88-91];
Persistence due to capsular
switching [87].

*Relevant references indicated in parenthesis

Biomarkers of myocardial damage

In addition to commonly used biomarkers of cardiac injury such as cardiac troponins,

creatine kinase, B-type natriuretic peptide and mid-regional pro-adrenomedullin,
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Zemmour et al. have very recently described a novel, systemic biomarker of
cardiomyocyte death viz. a cardiomyocyte-selective, unmethylated fragment of cell-
free DNA [105]. This novel biomarker of cardiomyocyte death was found to be
significantly elevated not only in patients with acute ST-elevation MI, but also in
those with sepsis/septic shock, “suggesting a major role of cardiomyocyte death in
mortality from sepsis” [105]. In this context there has also been a revival of interest in
the clinical utility of measurement of circulating soluble triggering receptor expressed
on myeloid cells (sSTREM-1), described in an earlier study as being a useful pro-
inflammatory biomarker in the diagnosis and prognosis, including mortality, in
patients with severe all-cause CAP [106]. A more recent study has identified STREM-
1 as being a contributor to the pathogenesis of acute and chronic CV conditions,
including AMI, with the authors contending that measurement of this biomarker has
significant implications for diagnosis, management and prognosis of CV disorders

[107].

Given that the pneumococcal serotype and extent of bacteremia appear to be
determinants of myocardial invasion, albeit in the setting of experimental disease
[71], measurement of the magnitude of bacterial DNAemia, reported to be a putative
marker of disease severity [108], may also identify those at highest risk of

development of acute and even late-onset CVESs.

Pneumococcal and influenza vaccination and the prevention of cardiovascular
events

Since there is a significant volume of literature describing the occurrence of cardiac
events in patients with CAP, including both all-cause and pneumococcal CAP, and
since influenza is also known to predispose to pneumococcal infection, further
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discussion of the potential benefit of both the pneumococcal and influenza vaccines,

alone and in combination, in preventing CVEs is warranted.

Pneumococcal vaccination

There have been several studies [109-113], and some reviews [114], including
systematic reviews and meta-analyses [115, 116] describing the potential benefits of
the pneumococcal vaccine in preventing CVEs. Most of the studies have been in
relationship to the use of the pneumococcal polyvalent polysaccharide vaccine
(PPV23) and there are conflicting results. One hospital-based, case-control study,
including patients in the study group that were considered to be at risk for AMI, noted
that pneumococcal vaccine was associated with a >50% decrease in the rate of AMI,
but the benefit was restricted to greater than two years following vaccination, which
is difficult to understand [109]. Furthermore, in a prospective cohort study of men
aged > 45 years, who had no history of either AMI or stroke, with propensity score
adjustment there was no evidence for a reduced risk of either AMI or stroke following
pneumococcal vaccination [111]. The CAPAMIS study, which aimed, among other
end-points, to assess the efficacy of PPV23 in reducing AMI and stroke in adults >
60 years, found efficacy of the vaccine against ischemic stroke, but no evidence of a
reduced risk of AMI [112]. Eurich and colleagues documented that receipt of PPV23,
even after adjusting for clinical data, was associated with a 60% reduction in acute
coronary syndromes (ACS) among patients with pneumonia [113]. However,
sensitivity analysis indicated that these results were probably the result of
confounding, at least in part, most likely due to the so-called “healthy vaccine effect”.

The authors further indicated that many of the studies in the literature rely on
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databases and have important prognostic information lacking, such as severity of

illness.

Two systematic reviews and meta-analyses attest to the benefit of PPV23 in
preventing CVEs [115, 116]. Ren and colleagues noted in their meta-analysis of
observational studies that use of PPV23 was associated with a significantly lower
rate of ACS in the older population, but not of stroke [115]. The authors indicated
that an adequately powered randomized controlled trial was essential to confirm
these findings. The second meta-analysis, similarly, indicated that use of PPV23 was
associated with a reduced risk of CVEs and death, with the beneficial effect
increasing with age and in high cardiac risk patients and decreasing with time [116].
Ciszewski reviewed the data from recent studies and meta-analyses regarding the
cardioprotective effects of the pneumococcal and influenza vaccines in patients with
cardiovascular disease [114]. While the author noted that there was evidence of
potential benefit of both vaccines in this high-risk group, he also indicated that in this
age of evidence based medicine there was a lack of prospective, randomized
controlled trials (RCT). In this context, it is noteworthy that Ren and colleagues [117]

have recently registered the first RCT of PPV23 for prevention of CVEs.

Data on the efficacy of the pneumococcal conjugate vaccine, PCV13, in the
prevention of CVEs await further studies. The landmark CAPITA study demonstrated
that PCV13 had a preventive effect on vaccine-type (VT) pneumococcal CAP and
VT-type invasive pneumococcal disease (IPD) among adults 65 years of age or older
[118], but did not provide information on prevention of CVEs in pneumococcal CAP.

However, PCV13 is currently included in the national childhood vaccine programs of
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many countries, which has led to a dramatic replacement of VT serotypes with non-
VT serotypes among PCV-vaccinated children. Due to herd protection, colonization
with non-VT strains has also subsequently occurred among adults, with these
serotypes now accounting for the majority (60%) of cases of IPD among the elderly
in countries such as Sweden [119, 120]. Furthermore, the overall incidence of IPD in

this age group has not changed significantly in the post-PCV era.

According to the findings of a mouse model of experimental pneumococcal infection,
it is only those pneumococcal serotypes capable of high-grade bacteremia that
cause cardiac damage [71]. In this context, it is also well-recognized that the risk of
bacteremia, as well as the risk of death from pneumococcal pneumonia or IPD, is
serotype specific [121-123]. Thus the comparative ability of non-vaccine serotypes
to cause high-grade bacteremia, compared to that of PCV13 serotypes, would
determine the likely impact of PCV 13 on the occurrence of cardiac injury.
Interestingly, clinical data derived from 2096 adults prior to PCV-introduction showed
that patients infected with non-PCV13 strains had more underlying diseases, were
less likely to have pneumonia and, tended to have a higher mortality in comparison
to patients infected with PCV13 strains [124]. However, the invasive disease
potential of these non-PCV13 serotypes was less than that of VT serotypes and,

therefore, possibly less likely to be associated with CVESs.

Given these considerations, the use of PCV vaccination of older adults as a strategy
to prevent CAP-associated CVEs is likely to be beneficial, but difficult to predict.
Notwithstanding these considerations, the current recommendation by the Center for

Disease Control and Prevention, USA for immunoprophylaxis of pneumococcal
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infections in the elderly (> 65 years) is the so-called “prime boost strategy” [125],
which consists of the administration of PCV13 followed, one year later, by PPV23,
which would increase the potential cover of pneumococcal serotypes beyond that of

PCV13 serotypes alone.

Future vaccines in development include those which are designed to confer broad,

serotype-independent protection [126, 127]. Many of these are currently undergoing
advanced evaluation for safety and efficacy, and include recombinant pneumococcal
protein vaccines, including those targeting PLY, as well as non-encapsulated whole-

cell vaccines.

Influenza vaccination

Similarly, for influenza vaccination there have been a number of studies [128-136],
and some reviews [137, 138], including systematic reviews and meta-analyses [139]
investigating its potential efficacy in preventing acute cardiac events. Influenza
vaccination has been reported to reduce; i) the development of a new AMI in patients
with chronic heart disease [128]; ii) the incidence of AMI in the 60 days following
vaccination, compared to the baseline period [130]; and iii) the frequency of
coronary ischemic events in patients with optimally treated coronary artery disease
[129]. In a further study, influenza vaccine was significantly protective against AMI
with a vaccine efficacy of 45% (95% CI 15% to 65%) [131]. A further two studies
documented benefit of influenza vaccine against CVEs [132, 133]. Importantly,
several of the authors indicated that despite the positive findings in their study,

appropriate prospective studies were required.
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In contrast, a number of studies have documented negative results. One indicated
that there was no evidence of a reduced risk of AMI following receipt of the influenza
vaccine [134]. A second reported that the benefit of influenza vaccine in elderly
patients did not extend to prevention of recurrent coronary events [135], and a third
noted that there was no reduction in major vascular events, including non-fatal AMI
in patients following influenza vaccination, after consideration of all baseline

characteristics [136].

While the review articles generally indicated benefit of influenza vaccination in
reducing the incidence of AMI, one did indicate that vaccination rates still remained
low [137, 138]. The authors of a systematic review and meta-analysis concluded that
in patients with CVD, influenza vaccination appeared to reduce composite CVEs
compared to placebo, but not individual outcomes such as AMI, and there was not
enough evidence to determine whether vaccination was effective in primary
prevention [139]. However, the authors also indicated that since most studies had
some risk of bias, further higher quality evidence was required to confirm the
findings. Frobert and colleagues published the outline of a planned randomized trial
to evaluate effectiveness of in-hospital influenza vaccination on death and
cardiovascular outcomes in patients with ST-segment elevation myocardial infarction

(STEMI) or non-STEMI [140].

Combined pneumococcal and influenza vaccination
A number of studies, including systematic reviews and meta-analyses, have
indicated that there is an additive protective effect of combined pneumococcal and

influenza vaccination on various end-points, such as occurrence of pneumonia,
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hospitalization and death, and that dual vaccination is cost-effective [141-143].
However, there appears to be only one study investigating the effectiveness of
combined pneumococcal and influenza vaccination in preventing AMI and stroke in
the elderly with chronic iliness, which demonstrated benefit against respiratory, as
well as CV and cerebrovascular events, associated with reduced hospitalization,
intensive care admission and death [110]. Interestingly, while one study documented
an increased risk of AMI and stroke after a systemic respiratory tract infection, there
was no evidence for the occurrence of these events in the period following the actual

influenza or pneumococcal vaccination [144].

Conclusions

The association of severe all-cause CAP, especially pneumococcal CAP, with acute
and delayed-onset CVEs is well recognized. Recent research, largely based on
animal models of severe pneumococcal disease, has been revealing, most notably in
providing insights into the pathogenesis of CVEs associated with acute disease. In
this setting, myocardial invasion by the pathogen together with PLY-mediated
cardiomyocyte dysfunction and cytotoxicity are key events, possibly exacerbated by
the propensity of the pathogen to induce a pro-thrombotic state. Although the
mechanisms underlying the pathogenesis of the delayed-onset CV sequelae of
pneumococcal CAP are less well characterized, they appear to be related to a
persistent, post-hospital discharge, systemic pro-inflammatory/pro-thrombotic
phenotype. This may involve persistent antigenemia emanating from intracellular
reservoirs of the pneumococcus and its pro-inflammatory remnants. Notwithstanding
the effective implementation of pre-emptive anti-inflammatory and cardioprotective

strategies, the identification of host- and/or pathogen-derived biomarkers with
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accurate, predictive potential in relation to both acute and delayed-onset CVEs
remains a priority. With respect to immunoprophylaxis of these CVEs, dual
influenza/pneumococcal “prime boost” vaccination is promising, albeit largely
untested, and may be rendered more efficacious through recognition of those
serotypes of the pneumococcus with greatest predilection for invasion of the

myocardium.
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