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Cardiac microlesions are associated with a growing number of

bacterial infections

Community acquired pneumonia (CAP) caused by the gram-positive bacterium Streptococcus
pneumoniae has been shown to predispose older individuals (aged 65 years and older) to

adverse long-term cardiac sequelae such as new or worsened heart failure and cardiac arrhyth-

mia [1,2]. To better understand these clinical observations, investigators sought to determine

the interactions of S. pneumoniae with the heart during invasive pneumococcal disease (IPD).

As a result, S. pneumoniae was found to form bacteria-filled vacuoles (i.e., cardiac microle-

sions) within the ventricles of mice, nonhuman primates, and humans, leading to an immuno-

quiescent immune response, altered electrophysiology, cardiomyocyte cell death, and heart

failure in a mouse model [2]. As such, the formation of microlesions, subsequent healing, and

formation of myocardial fibrosis have been hypothesized to be a pathology that could partially

explain the adverse cardiac events observed in patients hospitalized with CAP [2]. More

recently, the human commensal gram-positive bacterium Enterococcus faecalis was also shown

to promote cardiac microlesion formation in mice, while suppressing the host cardiomyocyte

inflammatory response in vitro [3]. Similar observations of microlesion formation were made

with the gram-negative bacterium Franscisella tularensis subspecies novicida [4] and gram-

positive bacterium non-tuberculosis Mycobacterium avium [5]. Therefore, cardiac microlesion

formation is becoming increasingly appreciated as a possible risk factor for adverse cardiac

complications during severe bacterial infection [6]. This review seeks to shed light on these

observations and the underlying mechanisms contributing to this newly described pathology.

Cardiac microlesion may contribute to adverse cardiac events

Cardiac microlesions are characterized by the presence of bacteria-filled lesions largely devoid

of immune cell infiltrate [2]. This is in contrast to myocardial abscesses, which are suppurative

infections most commonly caused by Staphylococcus aureus, and that are characterized by

robust immune cell infiltrate at sites of formation [2]. Pneumococcal cardiac microlesions are

generally diffused across the ventricles and are associated with a suppressed immune response,

altered electrophysiology, cardiomyocyte cell death, and cardiac failure in mice [2].

E. faecalis can cause a variety of severe infections, including bacteremia and infective endo-

carditis (IE) [7]. IE is an infection of the heart that involves the formation of vegetations on the

surface of heart valves and inner chambers and has a 1-year mortality rate of approximately

29% [8]. To date, heart infections associated with E. faecalis have traditionally been character-

ized as occurring on the surfaces of the heart, rather than occurring within the myocardial tis-

sue. Recently, E. faecalis was shown to cause cardiac microlesions during severe bacteremic
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infection [3]. Furthermore, E. faecalis triggered the cell death of cardiomyocytes following

direct exposure in vitro and also induced apoptosis and necroptosis within microlesions in

vivo [3].

In other studies, Ft.n was also shown to promote cardiac microlesion formation during

severe infection of mice. Ft.n microlesions were associated with altered electrophysiology, car-

diomyocyte cell death, increased production of inflammatory mediators in the blood, and

myocardial inflammation [4]. Likewise, during severe infection of mice with non-tuberculosis

M. avium, cardiac microlesions were observed to be associated with increased inflammatory

mediators in the blood, altered electrophysiology, cardiac hypertrophy, premature atrial con-

traction, and cardiac dysrhythmia in old mice [5]. Although inflammatory mediators could be

detected within the serum or hearts of mice infected with Ft.n and M. avium, the cardiac

microlesion pathology observed is similar to those caused by S. pneumoniae and E. faecalis.
These data suggest that the suppression of the immune response within the microenvironment

of the myocardial tissue may be a common strategy used by bacterial pathogens that cause

microlesions. Nonetheless, these observations highlight the need for further investigation in

humans to determine the clinical significance.

The virulence determinants affecting cardiac microlesion

formation may differ between bacterial species

Bacterial factors that contribute to cardiac microlesion formation have been identified for S.

pneumoniae and E. faecalis, but not yet for M. avium or F. tularensis (Fig 1). For instance, the

pneumococcal virulence determinants choline-binding protein A (CbpA) and lipoteichoic

acid–associated phosphocholine (ChoP) were shown to bind host laminin receptor (LR) and

platelet activating factor (PAFr) on host endothelial cells (Fig 1), respectively. These critical

interactions facilitate the translocation of the bacterium across the vascular endothelium and

into the myocardium where the bacterium can replicate [2]. Subsequent studies focused on

elucidating the mechanism of cardiomyocyte death determined that the pneumococcal choles-

terol-dependent pore-forming toxin pneumolysin (Ply) and pyruvate oxidase (SpxB) gener-

ated hydrogen peroxide that induced the cell death of cardiomyocytes and infiltrating

leukocytes [2,9,10].

Likewise, E. faecalis was also shown to invade the vascular endothelium in order to gain

entry into the myocardial tissue where the bacterium could induce cell death [3]. Importantly,

E. faecalis does not encode a homolog of the pneumococcal surface adhesin CbpA nor does it

encode a homolog of pneumolysin (ply) suggesting that other factors may be involved. More-

over, E. faecalis does not encode a homolog of pneumococcal pyruvate oxidase (spxB). How-

ever, it can produce reactive oxygen species (ROS) [11]. As such, ROS secretion by E. faecalis
might also contribute to cell death and microlesion formation. One protein identified as influ-

encing E. faecalis cardiac microlesion formation is a disulfide bond-forming (Dsb) protein

called DsbA. Thioredoxins such as DsbA have been implicated in various facets of bacterial fit-

ness and pathogenicity such as biofilm formation, cell division, virulence, cell motility, cell

wall synthesis, and growth. These proteins, which are characterized by their conserved CXXC

active-site motif, function by interacting with the free thiol groups of substrate cysteines, lead-

ing to the catalysis of a disulfide bond. While much of our understanding comes from the

study of oxidative protein folding in gram-negatives, less is understood with regard to gram-

positive bacteria [12].

In recent work investigating the enzymes that contribute to the posttranslational processing

of the E. faecalis bacteriocin EntV, researchers identified the previously uncharacterized thior-

edoxin DsbA as a requirement for the activity of EntV [13]. Further characterization showed

PLOS PATHOGENS

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009021 November 19, 2020 2 / 5

https://doi.org/10.1371/journal.ppat.1009021


that DsbA also contributes to E. faecalis virulence and cardiac microlesion formation, suggest-

ing a deeper role for this thioredoxin in E. faecalis pathogenesis [3]. Considering that DsbA

proteins generally facilitate extracytoplasmic protein disulfide bond formation, it is hypothe-

sized that DsbA substrates that contribute to E. faecalis pathogenesis are either secreted or cell

surface factors. In contrast to E. faecalis, S. pneumoniae, Ft.n, and M. avium do not encode a

dsbA homolog, thus DsbA’s influence on microlesion formation may be through a mechanism

unique to E. faecalis. Further investigation and identification of E. faecalis DsbA substrates will

be critical to our understanding of DsbA’s role in modulating pathogenesis.

Bacteria that form cardiac microlesions can subvert the immune

response

Cardiac microlesions are characterized by bacteria-filled vacuoles, cell death, and a dampened

immune response [2]. Studies aimed at deciphering these observations determined that S.

pneumoniae forms biofilms within cardiac microlesions resulting in the enhanced secretion of

pneumolysin relative to planktonic-grown pneumococci [9]. As a result, pneumolysin kills res-

ident cardiac macrophages, leading to subversion of the cytokine/chemokine response and

immune cell infiltration [9]. While E. faecalis has been observed to form biofilms on the inner

surfaces of heart such as heart valves during IE [8], it is unclear if the bacteria aggregated

within microlesions are in the form of biofilms. Likewise, while M. avium and Ft.n have also

been observed to form biofilms on biotic and abiotic surfaces [14,15], it is unclear if they are

Fig 1. Virulence determinants known to contribute to microlesion formation. A model summarizing the known bacterial virulence

determinants known to contribute to the formation of cardiac microlesion by facilitating vascular translocation, cell death, or immune

suppression. CbpA, choline-binding protein A; ChoP, phosphocholine; DsbA, disulfide bond protein A; LR, laminin receptor; PAFr,

platelet activating factor; Ply, pneumolysin; SpxB, pyruvate oxidase.

https://doi.org/10.1371/journal.ppat.1009021.g001
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forming biofilms within microlesions. In addition to biofilms, further investigations have

revealed that infiltrated macrophages die as a result of necroptosis mediated by pneumolysin

[16]. E. faecalis has long been known to subvert the host immune response as well. In a recent

study, phagocytosed E. faecalis was shown to survive within mouse peritoneal macrophages

through the inhibition of apoptosis [17] and through resistance of phagosomal acidification

and autophagy [18]. Ft.n and M. avium are intracellular pathogens that can readily evade mac-

rophage killing through a number of mechanisms involving inhibition of phagocytosis, inhibi-

tion of phagosomal acidification, suppression of macrophage ROS, avoidance of inflammatory

signaling, and degradation, among others [19,20]. Interestingly, E. faecalis infection of cardio-

myocytes in vitro promoted an immunoquiescent immune response that appears to be depen-

dent on the presence of dsbA, suggesting an immunomodulatory role for DsbA [3]. Taken

together, these data highlight the importance of bacterial immune evasion during the forma-

tion of cardiac microlesions.

Cardiac microlesion formation requires further study

The emerging field of cardiac microlesion formation has not only yielded interesting insights

into the impact of their formation on the host but also on the mechanisms used by the bacteria

to promote their formation. In the few years since the original observation of cardiac microle-

sion formation during IPD, other investigators have shown that additional bacterial pathogens

are capable of causing cardiac microlesions. These important observations suggest that cardiac

microlesion formation may be more widespread than was previously appreciated and may

occur through diverse mechanisms. Future studies aimed at investigating whether these other

agents also cause human heart infections and identifying the bacterial and host factors

involved will be critical toward understanding the impact of severe bacteremic infections on

the heart and the long-term consequences.
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