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Abstract
Streptococcus pneumoniae (S. pneumoniae), which is a Gram-positive diplococcus, has emerged as a 
significant human pathogen. It is a primary cause of bacterial pneumonia, otitis media, meningitis, and 
septicemia, leading to a considerable impact on global morbidity and mortality. The investigation of S. 
pneumoniae and its virulence factors has resulted in the identification of surface endonuclease A (EndA). 
EndA functions in DNA uptake during natural transformation and plays a significant role in gene transfer. 
The ability of S. pneumoniae to degrade neutrophil extracellular traps (NETs) enhances its virulence and 
invasive potential in pneumococcal infections. NETosis occurs when neutrophils release chromatin into the 
extracellular space to form NETs, capturing and neutralizing pathogens. Currently, NETosis can be induced 
by several microbes, particulate matter, and sterile stimuli through distinct cellular mechanisms, and this 
includes the involvement of EndA in S. pneumoniae. Here, we reviewed the cellular functions of EndA, its 
role in S. pneumoniae as a virulence factor in relation to NETosis, its relationship to immunogenicity, and its 
involvement in several diseases. The discovery of this relationship would significantly impact therapeutic 
technology in reducing disease burden, especially pneumococcal infections.
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Introduction
The incidence and mortality due to Streptococcus pneumoniae (pneumococcus) infections are increasing 
primarily due to increasing antimicrobial resistance and the development of novel virulence mechanisms 
causing threats to global health and incurring high economic costs to society [1, 2]. The bacterium is a 
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highly adaptive commensal that commonly colonizes the upper respiratory tract of healthy individuals; 
however, colonized individuals serve as a practical reservoir for S. pneumoniae, facilitating the transmission 
of the bacteria in the community. The pneumococcus is a leading cause of non-invasive infections such as 
otitis media and sinusitis, but it can also spread to sterile tissues and organs, leading to invasive diseases 
such as pneumonia and meningitis, which cause significant morbidity and mortality [3].

Traditionally, pneumococcal diseases were treated with antibiotics and prevented with 
polysaccharide-based and pneumococcal conjugate vaccines. The introduction of vaccines has resulted in 
serotype replacement, whereby nonvaccine serotypes have become more prevalent among both 
asymptomatic carriers and symptomatic cases, indicating the rapid adaptation of the pathogen to the 
selective pressure exerted by vaccines. Still, S. pneumoniae remains the leading cause of community-
acquired pneumonia, otitis media, and meningitis [4]. Unfortunately, the threat of pneumococcal disease 
remains high due to the dramatic increase in antibiotic resistance [5]. The case-fatality ratio of 
pneumococcal meningitis in 2015 was around 25–27% in Europe and the Americas, but in the same year in 
Africa, it was 61% [5, 6].

Various virulence factors in S. pneumoniae, including capsule, pneumolysin, pneumococcal surface 
adhesin A, and pneumococcal surface protein A, have been found to play crucial roles in mediating 
adherence, invasion, and evading the host’s immune system [7, 8]. These virulence factors give S. 
pneumoniae the capacity to escape the host’s immune defense, provide resistance to antimicrobial agents, 
and establish infection in the respiratory tract. Among the virulence factors, endonuclease A (EndA) offers 
great attention in S. pneumoniae due to its role in facilitating the escape of the bacterium from the host 
immune response. EndA assists the bacterium in evading neutrophil phagocytosis by breaking down 
neutrophil extracellular traps (NETs), and its nuclease activity is required for bacterial transformation to 
acquire novel characteristics, including resistance to antibiotics [9]. The role of the surface endonuclease in 
DNA uptake during transformation is important for S. pneumoniae to establish invasive pneumococcal 
infections by facilitating gene transfer and promoting genetic diversity. Hence, understanding the 
properties, mechanisms, and specificities of EndA, primarily as a virulence factor in S. pneumoniae, could 
provide novel ideas for preventing the spread and invasion of the bacterium to cause severe disease.

Mechanism of restriction-modification system in bacterial horizontal gene 
transfer (HGT) and natural transformation of S. pneumoniae
The success of bacteria in upholding their defense mechanisms against invading genomes is closely tied to 
the presence of methylases, a crucial component of the restriction-modification (R-M) system within a 
bacterial species. There are two opposite enzymatic activities involved in the R-M systems: 
methyltransferase (MTase) and restriction endonuclease (REase). While MTase activity ensures that self 
and non-self DNA are distinguished from one another, REase recognizes explicitly and cleaves foreign DNA 
sequences at specific sequences. The successful discriminatory mechanism of the MTase enzyme is 
achieved by transferring methyl groups to the same specific DNA sequence recognized by the REase within 
the host’s genome [10, 11].

Numerous investigations have demonstrated that the products produced by foreign DNA restriction by 
REases have the potential to promote homologous recombination with the host genome [12, 13]. Two 
potential biological functions of homologous recombination stimulation have been identified and proposed 
[14]: (i) preventing unintentional R-M-mediated mortality in the host and (ii) generating genetic variety by 
promoting recombination across related species. It was also discovered that restriction due to REases also 
contributes to nonhomologous recombination. Many foreign DNA (that lack homology) could be 
recombined and integrated into recipient genomes using a slight stretch of homologous DNA sequences at 
one end [15]. Furthermore, data suggests that R-M systems may introduce genomic rearrangements [16, 
17]. Consequently, it is conceivable that R-M systems contribute to genomic diversity by promoting 
homologous recombination and participating in nonhomologous genome rearrangements.



Explor Med. 2024;5:626–40 | https://doi.org/10.37349/emed.2024.00245 Page 628

Generally, all these molecular mechanisms contribute to genome plasticity in prokaryotes, along with 
HGT [18], represent a significant source of novel genetic information in prokaryotes [19, 20] and thus, act 
as a dominant force in the evolution of bacteria [21]. Griffith initially discovered natural transformation in 
S. pneumoniae nearly a century ago [22]. Over the past 90 years, S. pneumoniae has been a paradigm for this 
crucial HGT phenomenon. Avery et al. [23] conducted extensive studies on this discovery, affirming that 
DNA is the hereditary material transferred to transformed S. pneumoniae cells. Gram-positive and Gram-
negative bacteria can exchange genetic material through bacterial transformation, which entails taking in 
and integrating foreign DNA into the recipient genome [24, 25]. Since then, S. pneumoniae has been used as 
a model organism to help understand the molecular mechanisms of natural transformation.

S. pneumoniae undergoes four distinct steps in its transformation process: (i) the bacterial cell must 
monitor external and internal signals to decide when to turn on the competent state; (ii) early and late 
competence proteins must be expressed to allow for the development of natural competence; (iii) 
competent pneumococci secrete a murein hydrolase that lyses susceptible neighboring cells to capture 
homologous DNA from other species of streptococcal species that share the same niche or other 
pneumococci; and finally, (iv) transcription of the competence genes is stopped to end the competence state 
[26]. The genetic flexibility of S. pneumoniae is determined by this spontaneous transformation mechanism 
as has been demonstrated by multiple investigations including Chewapreecha et al. [27], Croucher et al. 
[28], and Engelmoer et al. [29].

The role of EndA in the natural transformation of S. pneumoniae
The inherent habitat of S. pneumoniae consists of multispecies biofilms located in the human nasopharynx 
[30]. Alterations in the particular environment prompt stress responses that may initiate competence 
development in S. pneumoniae. Nevertheless, for the recipient strain to acquire novel advantageous 
characteristics that facilitate the survival of stressed pneumococci under unfavorable circumstances, it 
must be genetically distinct from the donor strain. Consequently, mechanisms exist for capable 
pneumococci to access homologous DNA in a setting where unrelated DNA prevails. One potential scenario 
is the aggregation of different pneumococcal strains into microcolonies within a specific habitat, forming a 
cohesive microbial community, thereby establishing a uniform environment conducive to gene transfer 
[26]. Besides that, the transformation process in S. pneumoniae is multifaceted, involving various vital 
components, namely ComEA, EndA, ComEC, and ComFA proteins [31]. Transformations occur at the mid-
cell, where EndA is selectively recruited to this region during the competence phase, indicating the crucial 
role of EndA in the DNA uptake complex and natural transformation of S. pneumoniae [31], as shown in 
Figure 1.

Kohoutová [32] first proposed EndA as playing a significant role in transformation, and this was 
subsequently confirmed by other researchers [33, 34]. EndA is an endonuclease responsible for converting 
double-stranded DNA (dsDNA) into single-stranded DNA (ssDNA) for cellular uptake and subsequent 
recombination in the surrounding milieu of pneumococci [35]. The transforming strand is then transported 
into the cytoplasm in the 3’ to 5’ direction [36–38], whereas the non-transported strand was postulated to 
be degraded [34]. The fact that EndA is unique among proteins of the uptake apparatus raises the question 
of whether or not it is already present in cells before they are competent. Furthermore, its subcellular 
localization in non-competent cells and how it is recruited into the transformation machinery must also be 
answered. Based on the study by Rosenthal and Lacks [39], the nonspecific EndA sequence represents the 
first DNA uptake apparatus and was also reported as a membrane-localized pneumococcal endonuclease. 
Bergé et al. [40] detected the nucleolytic activity of EndA in competent pneumococcal cells during genetic 
transformation and this nucleolytic activity is indicative of the bacterial competent phase. It could thus be 
present before the pneumococcal cells switch into a competent state.

In addition, Zhu et al. [41] suggested that EndA was expressed at different concentration levels 
depending on various factors. Different pneumococcal strains also secrete varying levels and activities of 
EndA in the growth medium. Therefore, these unique characteristics of EndA facilitate streptococci to 
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Figure 1. The model illustrates the essential elements of the DNA uptake system in S. pneumoniae. On the surface of bacteria, 
an extended type IV-like transformation pilus is constructed, which serves the purpose of directly adhering to exogenous DNA. 
The DNA that has been captured is transported across the cell wall by an unidentified ATPase enzyme to enable the DNA to 
interact with the DNA receptor ComEA and the transmembrane channel protein ComEC. In an alternative manner, the flexible 
pilus facilitates the direct transport of captured DNA to cell surface receptors without the involvement of a retraction ATPase. 
dsDNA is cleaved by the EndA nuclease, leading to the entry of ssDNA into the cytoplasm via the ComEC pore [31]. dsDNA: 
double-stranded DNA; EndA: endonuclease A; ssDNA: single-stranded DNA. Created in BioRender. Bio, U. (2024) BioRender.
com/q92h591

establish genetic diversity during a competent state and take part in the organism’s ability to adapt to 
changing environmental conditions to provide a significant advantage during infection [38].

EndA as a virulence factor of S. pneumoniae: escaping from NETs

The pathogenesis of S. pneumoniae is an intricate and dynamic process. The pathogen expresses multiple 
virulence factors, which can combine to induce invasive pneumococcal disease [42]. The flexibility of S. 
pneumoniae facilitates responses to evolutionary pressures that provide a significant advantage during 
infection, such as evasion of host immune defenses or developing antibiotic resistance [43]. In addition, 
EndA in S. pneumoniae plays a dual role in DNA uptake and contributes to the genetic flexibility that 
characterizes the pathogen [44].

It is also crucial to understand the neutrophils’ general structure and mechanism since the nucleolytic 
activity of EndA could facilitate the degradation of NETosis (NETs). Neutrophils are recognized as essential 
effector cells of innate immunity and critical regulators of both natural and adaptive immune responses 
[45]. Neutrophils have a short half-life of less than 24 hours [46] and will differentiate and exit the bone 
marrow before dying in the bloodstream in the absence of infection. When the host becomes infected, 
tissue-resident macrophages and other sentinel cells emit inflammatory cytokines and chemo-attractants to 
recruit and stimulate neutrophils. In response to the production of these chemicals, neutrophils exit the 
bloodstream and penetrate the infected tissues via a selection and integrin-mediated process known as 
extravasation [46]. Neutrophils are the first effector cells to reach the infection site, thus making them 
essential in pathogen clearance, recruitment, activation of other immune cells, and tissue repair [46].

Mitochondrial DNA was revealed as a significant structural component of NETs in an early finding 
reported by Brinkmann et al. [47]. Physically, by using electron microscopy, the NET structure was found to 
be made up of fibrous DNA stretches with widths ranging from 15 nm to 17 nm and globular protein 
domains around 25 nm that may aggregate to more extensive threads with diameters exceeding 50 nm 
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[47]. Von Köckritz-Blickwede et al. [48] also confirmed the absence of membrane proteins and cytoplasmic 
fragments within the NET structures, as well as highlighting the presence of histones as intricate 
components [48]. Furthermore, these structures are primarily composed of nuclear or mitochondrial DNA, 
serving as the foundation for antimicrobial peptides, enzymes, and histones, whereas some researchers 
argue that the contribution of DNA from mitochondria to NETs is minimal [49]. These large extracellular 
structures provide a physical barrier by increasing the local concentration of antimicrobial effectors and 
could prevent microbial dissemination [50, 51]; hence, understanding their structure and physiology could 
provide us with knowledge to avoid the further spread of pathogens upon infection. Microbiological stimuli 
from bacteria, fungi, viruses, and protozoa are examples of NETosis inducers. Besides, additional chemical 
factors and reactive oxygen species (ROS) may contribute to NETosis, as listed in Table 1.

Table 1. Structure-factor stimuli of pathogen-inducing NETs. Depending on the stimulus, neutrophils can become either suicidal 
(terminal) or vital “zombie” neutrophils

Group Species

Bacteria Shigella flexneri [47], Escherichia coli [51], Streptococcus pyogenes [52], Streptococcus pneumonia [53], and 
Staphylococcus aureus [49, 54, 55].

Viruses HIV-1 [56], influenza [57], feline leukemia virus [58], and rabbit poxvirus (MYXV) [59].
Fungi Candida albicans [60], Aspergillus fumigatus [61], and Aspergillus nidulans [62].
Parasite Leishmania spp. [63], Plasmodium falciparum [64].
Chemicals Phorbol-12-myristate-13-acetate (PMA) [47], hydrogen peroxide (H2O2) [54], antibodies [61], antigen-antibody 

complexes [65], microbial components [66], lipopolysaccharide (LPS) [67], M1 protein from Streptococcus 
pyogenes [68], lipophosphoglycans from Leishmania amazonensis [63], toll-like receptor 4 (TLR4) activated 
platelets [69], and macrophage-1 (MAC1) integrin receptors [69].

Trapping of S. pneumoniae by NETs and their consequences on immunogenicity and other diseases

Neutrophils are the first immune cells that reach the site of infection and support the clearance of harmful 
bacteria through numerous processes, including developing NETs, as illustrated in Figure 2. Initially, 
phagocytosis and degranulation were considered the main mechanisms carried out by neutrophils to 
eliminate pathogens. As demonstrated in Figure 2, the first sign of NET formation via cell death or suicidal 
NETosis mechanism is changing the morphology of the nuclease, which loses its characteristic lobulated 
form. Neutrophil elastase (NE), generally stored in neutrophil granules, translocates into the nucleus during 
NETosis and cleaves histones by promoting chromatin decondensation [70]. Nuclear membranes and 
chromatin decondensed into the cytoplasm while the plasma membrane remains intact. Ultimately, the 
plasma membrane ruptures, leading to the release of NETs. The receptors responsible for initiating NET 
release and the molecular mechanisms through which ROS drives this process are poorly understood.

However, certain pathogenic microorganisms possess the capacity to express virulence factors that 
enable them to successfully establish an infection and evade the host immune system. For example, S. 
pneumoniae induces NET formation but has evolved virulence mechanisms to avoid NETs. The invasive 
pneumococcus type TIGR4 expresses EndA, which enables escape from NETs by degrading the extracellular 
traps, thereby increasing their virulence in vivo [71] (Figure 2a). The evasion of NETs facilitates the 
dissemination of bacteria from the upper respiratory tract to the pulmonary region and from the lungs to 
the bloodstream [52].

In contrast, the first mechanism discovered is vital NET formation [72] (Figure 2b) which occurs via 
slow lytic cell death. A few NETs are produced when neutrophils quickly release their nuclear content by 
vesicular secretion. Their nuclear content expulsion via vesicles to intact cytoplasts that continue crawling 
and digesting microbes using phagocytosis or chemotaxis [73]. The significance of these structures in the 
immune response is highlighted by the description of pathogen compounds that can impede, destroy, and 
elude the antimicrobial action of NETs (Figure 2) [74].

NETs have been shown to play a physiological protective role in infection sites and inhibit the spread of 
pathogens. In response to their phagocytic function, NETs provide several benefits to reduce disease 
spreading by concentrating host antimicrobial agents at infection sites. For example, it has been shown that 
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Figure 2. NET formation. Neutrophils employ two primary strategies to combat microbes: phagocytosis and releasing NETs 
depending on their stimuli. (a) Suicidal/classical NETosis with escaping mechanism of invasive S. pneumoniae that expressed 
virulent factor; (b) vital NETosis. NET: neutrophil extracellular trap. Created in BioRender. Yusoff, M. (2023) BioRender.com/
n72w387

NETs in staphylococcal skin infections inhibit the penetration of pathogens into the bloodstream [75]. 
Investigations on S. pneumoniae-infected humans and animals have shown increased NETs within alveolar 
gaps [76]. Moreover, an in vitro investigation has shown that NETs have vigorous antibacterial activity 
against S. pneumoniae [53]. These results demonstrated the importance of NETs, particularly in 
pneumococcal pneumonia.

Despite the variable efficiency of the antimicrobial properties of NETs, some microbes have evolved 
mechanisms and strategies to reduce the effectiveness of NETs. The pathogenic systems have three 
functions: deactivate the parts of NETs that function to trap and eliminate pathogens, inhibit the growth of 
NETs, and create defense mechanisms against the antimicrobial components of NETs [77]. Previous studies 
have demonstrated the various mechanisms utilized by pathogens to escape from NETs by utilizing the 
bacterial polysaccharide capsule, formation of biofilms, altering the electric charge of the cell surface, 
inhibiting ROS formation or inhibition of NET production by peptidase and DNase generation [78].

As part of their defensive strategies, bacteria produce nucleases to protect themselves by breaking 
down the NETs. This is because the DNA backbone of NETs contains bactericidal molecules such as histones 
or cathelicidin that can kill entrapped bacteria. Membrane-bound bacterial REases, which are released into 
the surrounding environment in response to NETs might thus be considered as a protective virulence factor 
of the bacteria [79]. Numerous S. pneumoniae strains have been shown to produce an endonuclease that 
renders them entirely immune to NET-induced death and has been shown to compromise the functional 
integrity of NETs [72]. In his early study, Beiter et al. [73] reported that EndA represents a major nuclease 
that allows pneumococci to degrade the DNA scaffold of NETs and then escape from NETs efficiently. By 
using the mouse intranasal model, Beiter et al. [73] showed that during pneumonia, pneumococci travelled 
more easily from the upper airways to the lungs and into the bloodstream when they managed to escape 
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out of the NETs, contributing to bacterial resistance to innate immunity. Therefore, understanding the 
endonuclease mechanism in escaping NETs could give a clear perspective on manipulating nuclease 
secretion, making S. pneumoniae less invasive to humans.

Similarly, Peterson et al. [42] reported that the surface EndA of S. pneumoniae performs two crucial 
roles in pneumococcal illness. Initially, EndA was responsible for the transport and destruction of DNA 
during transformation, which adds to the genomic variety of pneumococci. Secondly, as illustrated in 
Figure 3a, it allows the extracellular breakdown of the DNA component of NETs, which promotes 
pneumococcal spread and raises the risk of invasive infection [42]. EndA deletion in the study reduced 
transformation efficiency, potentially impeding the genetic diversity responsible for pneumococcal 
pathogenicity. Furthermore, in experiments on mice, pneumococci lacking EndA exhibit decreased invasive 
infection and cannot escape from NETs [72]. Specifically, the previous findings on mutant knock-out for 
EndA could mitigate the invasion of S. pneumoniae due to the inability to escape through NETs, leading to 
unsuccessful colonization of S. pneumoniae in the host. Therefore, these would give promising attenuating 
pneumococcal pathogenesis to increase immunogenicity protection and offer a novel target for controlling 
pneumococcal disease (see Figure 3b).

Figure 3. A relationship between EndA in S. pneumoniae towards immunogenicity protection that contributes to immunity level. 
(a) Wild type S. pneumoniae secreted EndA extracellularly during growth, which can degrade the DNA of NETs hence helping 
the pathogen establish infection by transmission, colonization, and invasion in the lung; (b) mutant type of S. pneumoniae with 
deletion of the endA gene are found to have reduced DNA degradation activity in NETs. The endA gene deletion mutant 
significantly reduced escaping through NETs and in the lung and could increase the immune response against the invading S. 
pneumoniae. NETs: neutrophil extracellular traps. Created in BioRender. Yusoff, M. (2023) BioRender.com/u26n036

However, excessive NETs have been reported to be associated with reduced clinical stability hazards 
and increased pneumonia mortality [80]. Higher concentrations of NETs released by activated neutrophils 
promoted tissue damage, including lung injury [81] and sepsis [82]. The component mechanisms that are 
responsible for NET-induced tissue damage are NE components and other proteases that induce cell death 

https://BioRender.com/u26n036
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in multiple cell types [83–87]. Instead of pneumonia, NETosis contributes to developing complications for 
the infected lung, including bronchial asthma, acute respiratory distress syndrome (ARDS), and chronic 
obstructive pulmonary disease (COPD). Before the occurrence of the COVID-19 pandemic, a clinical 
experiment found a link between the severity of community-acquired pneumonia and the content of NETs 
[80]. Two decades after the discovery of NETs, a significant correlation emerges between the release of 
NETs and the immune system and various diseases [88].

Nucleases and NET recombination therapy

Since NET formation and elimination were unregulated and led to severe effects, the focus of NET research 
has changed from innate immune defense to NET involvement in severe consequences [88]. Recent in vitro 
and in vivo experiments using animal models demonstrated the crucial role of NETs in pathogenesis and 
increasing morbidity and mortality [88]. Multiple organ failure and poor prognoses have been linked to 
high levels of circulating NETs in sepsis patients [89–91]. In addition, NETs have been linked to pathologic 
changes in autoimmune and autoinflammatory illnesses [92, 93] due to the circulating free DNA (cfDNA) 
exacerbating inflammation by inducing TNF-α mRNA [94]. At the same time, it has been demonstrated that 
these inflammatory substances increase NETosis and pathology in these patients without causing infection 
[95]. For example, the deposition of monosodium urate crystals in the joints is an autoinflammatory disease 
called gout that stimulates an immune response by attracting leukocytes to induce NETs, hence promoting 
inflammation [95]. Undoubtedly, excessive NET formation and poor elimination mechanisms of NETs can 
cause extreme tissue damage and pathology that lead to inflammatory and autoimmune pathologies [96].

There are still many unsolved essential concerns about the exact functional roles that NETs play in the 
etiology of various illnesses. The release of enzymes and other proteins during NETosis causes tissue injury, 
and EndA produced by many strains of S. pneumoniae, enables them to escape NETs by degrading their 
functional integrity. Buchanan et al. [52] found that increasing bacterial migration from the upper airways 
to the lungs was linked to nuclease digestion of the DNA scaffold of NETs, possibly contributing to a 
20–30% increase in cases of invasion into the bloodstream. However, reducing this virulence factor of 
pathogens does not address all issues, as it is crucial to consider all possible mechanisms and their 
consequences. Therefore, understanding the role of bacterial nucleases in degrading NETs is important, as 
they can balance NET secretion and potentially serve a protective role in managing infections.

Above all, the exploration of nucleases becomes attractive. Researchers have come out with various 
findings to understand the mechanism of nucleases as one of the NETs’ therapeutics [97, 98]. In addition, 
EndA is a desirable target for antimicrobial therapies due to its function as a virulence component in 
pneumococcal infection. A previous study by Peterson et al. [42], using a high throughput screening assay, 
uncovered six small molecules that were potent EndA inhibitors. These small-molecule inhibitors were 
shown to be a promising starting point for the development of pharmacologic EndA probes. By doing this, 
the virulence of pneumococcal bacteria might be addressed, and it could be identified as a target for novel 
compounds to fight pneumococcal infection [42].

DNase I and anti-histone antibodies have also become exciting targets for researchers instead of drugs 
aimed at destroying NETs. In the beginning, the recombinant DNase I significantly facilitates the course of 
ARDS [98] and COPD [99] in animal model studies. Since then, it has been effectively applied to practically 
all models of NETosis-related disorders. For instance, Pulmozyme (Dornase alfa), a recently discovered 
highly pure solution of recombinant human deoxyribonuclease I (rhDNase), was commercialized by 
Genentech [100]. This enzyme’s selectively cleaving DNA mechanism becomes a key factor of success due to 
hydrolyzing the DNA in the sputum/mucus of cystic fibrosis patients, reducing lung viscosity and 
promoting clearance of secretions [101].

Meanwhile, the impact of rhDNase on NETs has been assessed in various investigations. According to 
some studies, a decrease in NETosis will decrease neutrophil infiltration and the inflammatory response 
[102, 103]. Findings from an alternative approach show that in septic circumstances, early concurrent 
treatment with DNase I and antibiotics improved survival and decreased bacteremia and organ dysfunction 
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[104]. Kaplan et al. [105] suggested that possible combination therapy will assist in controlling NETosis. 
These enzymes may significantly impact human medicine in the future by providing novel therapeutic 
options for conditions where multi-drug resistance had otherwise caused treatment failure. However, 
further studies are needed to validate whether these effects are due primarily to NET inhibition.

Conclusions
EndA is a significant virulence factor in streptococci, enabling the establishment of genetic diversity and 
enabling S. pneumoniae to initiate invasive pneumococcal infections. Surface EndA facilitates the 
degradation of the DNA scaffold of NETs, enhancing the ability of the pathogenic bacteria to escape from 
these traps. Deleting the endA gene in pneumococci reduces invasive infections and enhances 
immunogenicity protection. However, an overabundance of NETs is significant in developing infectious and 
inflammatory disorders. A novel approach to address this issue involves investigating the 
pathophysiological significance of NETosis and its potential involvement in pneumonia development. NET-
targeted interventions, hydration therapy, antibiotics, antivirals, and conventional medications might 
require integration for therapeutic effectiveness. From this perspective, nucleases such as EndA exhibit 
various bacterial pathogenesis and virulence functions while presenting a potential therapeutic target. One 
possible outcome involves the development of drugs or vaccines that can effectively balance the activity of 
nucleases. Targeting EndA in S. pneumoniae could enhance NET formation stability, strengthen immune 
defense mechanisms, and improve treatment outcomes.

Abbreviations
EndA: endonuclease A

HGT: horizontal gene transfer

MTase: methyltransferase

NETs: neutrophil extracellular traps

REase: restriction endonuclease

R-M: restriction-modification

ROS: reactive oxygen species

Declarations
Author contributions

MY: Conceptualization, Writing—original draft, Writing—review & editing. CCY and MA: Validation, 
Supervision, Writing—review & editing. MHN: Writing—review & editing. All authors read and approved 
the submitted version.

Conflicts of interest

The authors declare that they have no conflicts of interest.

Ethical approval

Not applicable.

Consent to participate

Not applicable.

Consent to publication

Not applicable.



Explor Med. 2024;5:626–40 | https://doi.org/10.37349/emed.2024.00245 Page 635

Availability of data and materials

Not applicable.

Funding

This work was funded by the Universiti  Sultan Zainal  Abidin Research Centre Grant 
[UniSZA/2020/LABMAT/03] to support research projects in the Centre for Research in Infectious Diseases 
and Biotechnology (CeRIDB) at the Faculty of Medicine. The funders had no role in study design, data 
collection and analysis, decision to publish, or preparation of the manuscript.

Copyright

© The Author(s) 2024.

References
Haenni M, Lupo A, Madec JY. Antimicrobial Resistance in Streptococcus spp. Microbiol Spectr. 2018;6. 
[DOI] [PubMed]

1.     

Miranda PSD, Lannes-Costa PS, Pimentel BAS, Silva LG, Ferreira-Carvalho BT, Menezes GC, et al. 
Biofilm formation on different pH conditions by Streptococcus agalactiae isolated from bovine 
mastitic milk. Lett Appl Microbiol. 2018;67:235–43. [DOI] [PubMed]

2.     

Chan T, Tay MZ, Kyaw WM, Chow A, Ho HJ. Epidemiology, vaccine effectiveness, and risk factors for 
mortality for pneumococcal disease among hospitalised adults in Singapore: a case-control study. 
BMC Infect Dis. 2020;20:423. [DOI] [PubMed] [PMC]

3.     

Masomian M, Ahmad Z, Gew LT, Poh CL. Development of Next Generation Streptococcus pneumoniae 
Vaccines Conferring Broad Protection. Vaccines (Basel). 2020;8:132. [DOI] [PubMed] [PMC]

4.     

Wahl B, O’Brien KL, Greenbaum A, Majumder A, Liu L, Chu Y, et al. Burden of Streptococcus 
pneumoniae and Haemophilus influenzae type b disease in children in the era of conjugate vaccines: 
global, regional, and national estimates for 2000–15. Lancet Glob Health. 2018;6:e744–57. [DOI] 
[PubMed] [PMC]

5.     

Sadowy E, Hryniewicz W. Identification of Streptococcus pneumoniae and other Mitis streptococci: 
importance of molecular methods. Eur J Clin Microbiol Infect Dis. 2020;39:2247–56. [DOI] [PubMed] 
[PMC]

6.     

Weiser JN, Ferreira DM, Paton JC. Streptococcus pneumoniae: transmission, colonization and 
invasion. Nat Rev Microbiol. 2018;16:355–67. [DOI] [PubMed] [PMC]

7.     

Feldman C, Anderson R. Pneumococcal virulence factors in community-acquired pneumonia. Curr 
Opin Pulm Med. 2020;26:222–31. [DOI] [PubMed]

8.     

Lacks S, Greenberg B, Neuberger M. Role of a deoxyribonuclease in the genetic transformation of 
Diplococcus pneumoniae. Proc Natl Acad Sci U S A. 1974;71:2305–9. [DOI] [PubMed] [PMC]

9.     

Williams RJ. Restriction endonuclease. Mol Biotechnol. 2003;23:225–43. [DOI] [PubMed]10.     
Roberts RJ, Belfort M, Bestor T, Bhagwat AS, Bickle TA, Bitinaite J, et al. A nomenclature for 
restriction enzymes, DNA methyltransferases, homing endonucleases and their genes. Nucleic Acids 
Res. 2003;31:1805–12. [DOI] [PubMed] [PMC]

11.     

Vasu K, Nagaraja V. Diverse functions of restriction-modification systems in addition to cellular 
defense. Microbiol Mol Biol Rev. 2013;77:53–72. [DOI] [PubMed] [PMC]

12.     

Milkman R, Raleigh EA, McKane M, Cryderman D, Bilodeau P, McWeeny K. Molecular evolution of the 
Escherichia coli chromosome. V. Recombination patterns among strains of diverse origin. Genetics. 
1999;153:539–54. [DOI] [PubMed] [PMC]

13.     

Price C, Bickle TA. A possible role for DNA restriction in bacterial evolution. Microbiol Sci. 1986;3:
296–9. [PubMed]

14.     

https://dx.doi.org/10.1128/microbiolspec.ARBA-0008-2017
http://www.ncbi.nlm.nih.gov/pubmed/29600772
https://dx.doi.org/10.1111/lam.13015
http://www.ncbi.nlm.nih.gov/pubmed/29856469
https://dx.doi.org/10.1186/s12879-020-05140-1
http://www.ncbi.nlm.nih.gov/pubmed/32552726
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7302122
https://dx.doi.org/10.3390/vaccines8010132
http://www.ncbi.nlm.nih.gov/pubmed/32192117
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7157650
https://dx.doi.org/10.1016/S2214-109X(18)30247-X
http://www.ncbi.nlm.nih.gov/pubmed/29903376
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6005122
https://dx.doi.org/10.1007/s10096-020-03991-9
http://www.ncbi.nlm.nih.gov/pubmed/32710352
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7669753
https://dx.doi.org/10.1038/s41579-018-0001-8
http://www.ncbi.nlm.nih.gov/pubmed/29599457
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5949087
https://dx.doi.org/10.1097/MCP.0000000000000674
http://www.ncbi.nlm.nih.gov/pubmed/32149750
https://dx.doi.org/10.1073/pnas.71.6.2305
http://www.ncbi.nlm.nih.gov/pubmed/4152205
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC388441
https://dx.doi.org/10.1385/mb:23:3:225
http://www.ncbi.nlm.nih.gov/pubmed/12665693
https://dx.doi.org/10.1093/nar/gkg274
http://www.ncbi.nlm.nih.gov/pubmed/12654995
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC152790
https://dx.doi.org/10.1128/MMBR.00044-12
http://www.ncbi.nlm.nih.gov/pubmed/23471617
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3591985
https://dx.doi.org/10.1093/genetics/153.2.539
http://www.ncbi.nlm.nih.gov/pubmed/10511538
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1460788
http://www.ncbi.nlm.nih.gov/pubmed/2856420


Explor Med. 2024;5:626–40 | https://doi.org/10.37349/emed.2024.00245 Page 636

Kusano K, Sakagami K, Yokochi T, Naito T, Tokinaga Y, Ueda E, et al. A new type of illegitimate 
recombination is dependent on restriction and homologous interaction. J Bacteriol. 1997;179:
5380–90. [DOI] [PubMed] [PMC]

15.     

Furuta Y, Abe K, Kobayashi I. Genome comparison and context analysis reveals putative mobile 
forms of restriction–modification systems and related rearrangements. Nucleic Acids Res. 2010;38:
2428–43. [DOI] [PubMed] [PMC]

16.     

Asakura Y, Kojima H, Kobayashi I. Evolutionary genome engineering using a restriction–modification 
system. Nucleic Acids Res. 2011;39:9034–46. [DOI] [PubMed] [PMC]

17.     

Darmon E, Leach DRF. Bacterial genome instability. Microbiol Mol Biol Rev. 2014;78:1–39. [DOI] 
[PubMed] [PMC]

18.     

Koonin EV, Makarova KS, Aravind L. Horizontal gene transfer in prokaryotes: quantification and 
classification. Annu Rev Microbiol. 2001;55:709–42. [DOI] [PubMed] [PMC]

19.     

Lerat E, Daubin V, Ochman H, Moran NA. Evolutionary origins of genomic repertoires in bacteria. 
PLoS Biol. 2005;3:e130. [DOI] [PubMed] [PMC]

20.     

Arber W. Genetic variation: molecular mechanisms and impact on microbial evolution. FEMS 
Microbiol Rev. 2000;24:1–7. [DOI] [PubMed]

21.     

Griffith F. The Significance of Pneumococcal Types. J Hyg (Lond). 1928;27:113–59. [DOI] [PubMed] 
[PMC]

22.     

Avery OT, Macleod CM, McCarty M. Studies on the chemical nature of the substance inducing 
transformation of pneumococcal types : induction of transformation by a desoxyribonucleic acid 
fraction isolated from pneumococcus type III. J Exp Med. 1944;79:137–58. [DOI] [PubMed] [PMC]

23.     

Claverys JP, Martin B, Polard P. The genetic transformation machinery: composition, localization, and 
mechanism. FEMS Microbiol Rev. 2009;33:643–56. [DOI] [PubMed]

24.     

Krüger NJ, Stingl K. Two steps away from novelty – principles of bacterial DNA uptake. Mol 
Microbiol. 2011;80:860–7. [DOI] [PubMed]

25.     

Straume D, Stamsås GA, Håvarstein LS. Natural transformation and genome evolution in 
Streptococcus pneumoniae. Infect Genet Evol. 2015;33:371–80. [DOI] [PubMed]

26.     

Chewapreecha C, Harris SR, Croucher NJ, Turner C, Marttinen P, Cheng L, et al. Dense genomic 
sampling identifies highways of pneumococcal recombination. Nat Genet. 2014;46:305–9. [DOI] 
[PubMed] [PMC]

27.     

Croucher NJ, Harris SR, Fraser C, Quail MA, Burton J, van der Linden M, et al. Rapid pneumococcal 
evolution in response to clinical interventions. Science. 2011;331:430–4. [DOI] [PubMed] [PMC]

28.     

Engelmoer DJP, Donaldson I, Rozen DE. Conservative sex and the benefits of transformation in 
Streptococcus pneumoniae. PLoS Pathog. 2013;9:e1003758. [DOI] [PubMed] [PMC]

29.     

Sakwinska O, Bastic Schmid V, Berger B, Bruttin A, Keitel K, Lepage M, et al. Nasopharyngeal 
microbiota in healthy children and pneumonia patients. J Clin Microbiol. 2014;52:1590–4. [DOI] 
[PubMed] [PMC]

30.     

Muschiol S, Balaban M, Normark S, Henriques-Normark B. Uptake of extracellular DNA: competence 
induced pili in natural transformation of Streptococcus pneumoniae. Bioessays. 2015;37:426–35. 
[DOI] [PubMed] [PMC]

31.     

Kohoutová DM. Mechanism of the transformation of the polysaccharide capsule in Pneumococcus. 
Nature. 1961;190:1171–3. [DOI] [PubMed]

32.     

Lacks S, Greenberg B. Competence for deoxyribonucleic acid uptake and deoxyribonuclease action 
external to cells in the genetic transformation of Diplococcus pneumoniae. J Bacteriol. 1973;114:
152–63. [DOI] [PubMed] [PMC]

33.     

Lacks S, Greenberg B, Neuberger M. Identification of a deoxyribonuclease implicated in genetic 
transformation of Diplococcus pneumoniae. J Bacteriol. 1975;123:222–32. [DOI] [PubMed] [PMC]

34.     

https://dx.doi.org/10.1128/jb.179.17.5380-5390.1997
http://www.ncbi.nlm.nih.gov/pubmed/9286991
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC179407
https://dx.doi.org/10.1093/nar/gkp1226
http://www.ncbi.nlm.nih.gov/pubmed/20071371
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2853133
https://dx.doi.org/10.1093/nar/gkr585
http://www.ncbi.nlm.nih.gov/pubmed/21785135
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3203608
https://dx.doi.org/10.1128/MMBR.00035-13
http://www.ncbi.nlm.nih.gov/pubmed/24600039
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3957733
https://dx.doi.org/10.1146/annurev.micro.55.1.709
http://www.ncbi.nlm.nih.gov/pubmed/11544372
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4781227
https://dx.doi.org/10.1371/journal.pbio.0030130
http://www.ncbi.nlm.nih.gov/pubmed/15799709
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1073693
https://dx.doi.org/10.1111/j.1574-6976.2000.tb00529.x
http://www.ncbi.nlm.nih.gov/pubmed/10640595
https://dx.doi.org/10.1017/s0022172400031879
http://www.ncbi.nlm.nih.gov/pubmed/20474956
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2167760
https://dx.doi.org/10.1084/jem.79.2.137
http://www.ncbi.nlm.nih.gov/pubmed/19871359
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2135445
https://dx.doi.org/10.1111/j.1574-6976.2009.00164.x
http://www.ncbi.nlm.nih.gov/pubmed/19228200
https://dx.doi.org/10.1111/j.1365-2958.2011.07647.x
http://www.ncbi.nlm.nih.gov/pubmed/21435041
https://dx.doi.org/10.1016/j.meegid.2014.10.020
http://www.ncbi.nlm.nih.gov/pubmed/25445643
https://dx.doi.org/10.1038/ng.2895
http://www.ncbi.nlm.nih.gov/pubmed/24509479
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3970364
https://dx.doi.org/10.1126/science.1198545
http://www.ncbi.nlm.nih.gov/pubmed/21273480
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3648787
https://dx.doi.org/10.1371/journal.ppat.1003758
http://www.ncbi.nlm.nih.gov/pubmed/24244172
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3828180
https://dx.doi.org/10.1128/JCM.03280-13
http://www.ncbi.nlm.nih.gov/pubmed/24599973
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3993659
https://dx.doi.org/10.1002/bies.201400125
http://www.ncbi.nlm.nih.gov/pubmed/25640084
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4405041
https://dx.doi.org/10.1038/1901171a0
http://www.ncbi.nlm.nih.gov/pubmed/13757619
https://dx.doi.org/10.1128/jb.114.1.152-163.1973
http://www.ncbi.nlm.nih.gov/pubmed/4144589
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC251751
https://dx.doi.org/10.1128/jb.123.1.222-232.1975
http://www.ncbi.nlm.nih.gov/pubmed/237879
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC235710


Explor Med. 2024;5:626–40 | https://doi.org/10.37349/emed.2024.00245 Page 637

Lacks S. Molecular fate of DNA in genetic transformation of Pneumococcus. J Mol Biol. 1962;5:
119–31. [DOI] [PubMed]

35.     

Bergé MJ, Kamgoué A, Martin B, Polard P, Campo N, Claverys JP. Midcell recruitment of the DNA 
uptake and virulence nuclease, EndA, for pneumococcal transformation. PLoS Pathog. 2013;9:
e1003596. [DOI] [PubMed] [PMC]

36.     

Méjean V, Claverys JP. DNA processing during entry in transformation of Streptococcus pneumoniae. 
J Biol Chem. 1993;268:5594–9. [DOI] [PubMed]

37.     

Moon AF, Midon M, Meiss G, Pingoud A, London RE, Pedersen LC. Structural insights into catalytic 
and substrate binding mechanisms of the strategic EndA nuclease from Streptococcus pneumoniae. 
Nucleic Acids Res. 2011;39:2943–53. [DOI] [PubMed] [PMC]

38.     

Rosenthal AL, Lacks SA. Complex structure of the membrane nuclease of Streptococcus pneumoniae 
revealed by two-dimensional electrophoresis. J Mol Biol. 1980;141:133–46. [DOI] [PubMed]

39.     

Bergé M, Moscoso M, Prudhomme M, Martin B, Claverys JP. Uptake of transforming DNA in Gram-
positive bacteria: a view from Streptococcus pneumoniae. Mol Microbiol. 2002;45:411–21. [DOI] 
[PubMed]

40.     

Zhu L, Kuang Z, Wilson BA, Lau GW. Competence-Independent Activity of Pneumococcal Enda 
Mediates Degradation of Extracellular DNA and Nets and Is Important for Virulence. PLoS One. 2013;
8:e70363. [DOI] [PubMed] [PMC]

41.     

Peterson EJ, Kireev D, Moon AF, Midon M, Janzen WP, Pingoud A, et al. Inhibitors of Streptococcus 
pneumoniae surface endonuclease EndA discovered by high-throughput screening using a PicoGreen 
fluorescence assay. J Biomol Screen. 2013;18:247–57. [DOI] [PubMed] [PMC]

42.     

Ehrlich GD, Hiller NL, Hu FZ. What makes pathogens pathogenic. Genome Biol. 2008;9:225. [DOI] 
[PubMed] [PMC]

43.     

Hiller NL, Janto B, Hogg JS, Boissy R, Yu S, Powell E, et al. Comparative genomic analyses of seventeen 
Streptococcus pneumoniae strains: insights into the pneumococcal supragenome. J Bacteriol. 2007;
189:8186–95. [DOI] [PubMed] [PMC]

44.     

Mantovani A, Cassatella MA, Costantini C, Jaillon S. Neutrophils in the activation and regulation of 
innate and adaptive immunity. Nat Rev Immunol. 2011;11:519–31. [DOI] [PubMed]

45.     

Borregaard N. Neutrophils, from marrow to microbes. Immunity. 2010;33:657–70. [DOI] [PubMed]46.     
Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS, et al. Neutrophil 
extracellular traps kill bacteria. Science. 2004;303:1532–5. [DOI] [PubMed]

47.     

von Köckritz-Blickwede M, Chow OA, Nizet V. Fetal calf serum contains heat-stable nucleases that 
degrade neutrophil extracellular traps. Blood. 2009;114:5245–6. [DOI] [PubMed] [PMC]

48.     

Pilsczek FH, Salina D, Poon KKH, Fahey C, Yipp BG, Sibley CD, et al. A novel mechanism of rapid 
nuclear neutrophil extracellular trap formation in response to Staphylococcus aureus. J Immunol. 
2010;185:7413–25. [DOI] [PubMed]

49.     

Håvarstein LS, Coomaraswamy G, Morrison DA. An unmodified heptadecapeptide pheromone 
induces competence for genetic transformation in Streptococcus pneumoniae. Proc Natl Acad Sci U S 
A. 1995;92:11140–4. [DOI] [PubMed] [PMC]

50.     

Grinberg N, Elazar S, Rosenshine I, Shpigel NY. β-hydroxybutyrate abrogates formation of bovine 
neutrophil extracellular traps and bactericidal activity against mammary pathogenic Escherichia coli. 
Infect Immun. 2008;76:2802–7. [DOI] [PubMed] [PMC]

51.     

Buchanan JT, Simpson AJ, Aziz RK, Liu GY, Kristian SA, Kotb M, et al. DNase expression allows the 
pathogen group A Streptococcus to escape killing in neutrophil extracellular traps. Curr Biol. 2006;
16:396–400. [DOI] [PubMed]

52.     

Mori Y, Yamaguchi M, Terao Y, Hamada S, Ooshima T, Kawabata S. α-Enolase of Streptococcus 
pneumoniae induces formation of neutrophil extracellular traps. J Biol Chem. 2012;287:10472–81. 
[DOI] [PubMed] [PMC]

53.     

https://dx.doi.org/10.1016/s0022-2836(62)80067-9
http://www.ncbi.nlm.nih.gov/pubmed/14461406
https://dx.doi.org/10.1371/journal.ppat.1003596
http://www.ncbi.nlm.nih.gov/pubmed/24039578
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3764208
https://dx.doi.org/10.1016/S0021-9258(18)53362-7
http://www.ncbi.nlm.nih.gov/pubmed/8449922
https://dx.doi.org/10.1093/nar/gkq1152
http://www.ncbi.nlm.nih.gov/pubmed/21113026
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3074123
https://dx.doi.org/10.1016/0022-2836(80)90381-2
http://www.ncbi.nlm.nih.gov/pubmed/6255165
https://dx.doi.org/10.1046/j.1365-2958.2002.03013.x
http://www.ncbi.nlm.nih.gov/pubmed/12123453
https://dx.doi.org/10.1371/journal.pone.0070363
http://www.ncbi.nlm.nih.gov/pubmed/23936195
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3729463
https://dx.doi.org/10.1177/1087057112461153
http://www.ncbi.nlm.nih.gov/pubmed/23015019
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4773034
https://dx.doi.org/10.1186/gb-2008-9-6-225
http://www.ncbi.nlm.nih.gov/pubmed/18598378
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2481411
https://dx.doi.org/10.1128/JB.00690-07
http://www.ncbi.nlm.nih.gov/pubmed/17675389
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2168654
https://dx.doi.org/10.1038/nri3024
http://www.ncbi.nlm.nih.gov/pubmed/21785456
https://dx.doi.org/10.1016/j.immuni.2010.11.011
http://www.ncbi.nlm.nih.gov/pubmed/21094463
https://dx.doi.org/10.1126/science.1092385
http://www.ncbi.nlm.nih.gov/pubmed/15001782
https://dx.doi.org/10.1182/blood-2009-08-240713
http://www.ncbi.nlm.nih.gov/pubmed/20007813
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2792215
https://dx.doi.org/10.4049/jimmunol.1000675
http://www.ncbi.nlm.nih.gov/pubmed/21098229
https://dx.doi.org/10.1073/pnas.92.24.11140
http://www.ncbi.nlm.nih.gov/pubmed/7479953
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC40587
https://dx.doi.org/10.1128/IAI.00051-08
http://www.ncbi.nlm.nih.gov/pubmed/18411287
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2423099
https://dx.doi.org/10.1016/j.cub.2005.12.039
http://www.ncbi.nlm.nih.gov/pubmed/16488874
https://dx.doi.org/10.1074/jbc.M111.280321
http://www.ncbi.nlm.nih.gov/pubmed/22262863
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3323051


Explor Med. 2024;5:626–40 | https://doi.org/10.37349/emed.2024.00245 Page 638

Fuchs TA, Abed U, Goosmann C, Hurwitz R, Schulze I, Wahn V, et al. Novel cell death program leads to 
neutrophil extracellular traps. J Cell Biol. 2007;176:231–41. [DOI] [PubMed] [PMC]

54.     

Berends ET, Horswill AR, Haste NM, Monestier M, Nizet V, von Köckritz-Blickwede M. Nuclease 
expression by Staphylococcus aureus facilitates escape from neutrophil extracellular traps. J Innate 
Immun. 2010;2:576–86. [DOI] [PubMed] [PMC]

55.     

Saitoh T, Komano J, Saitoh Y, Misawa T, Takahama M, Kozaki T, et al. Neutrophil extracellular traps 
mediate a host defense response to human immunodeficiency virus-1. Cell Host Microbe. 2012;12:
109–16. [DOI] [PubMed]

56.     

Narasaraju T, Yang E, Samy RP, Ng HH, Poh WP, Liew AA, et al. Excessive neutrophils and neutrophil 
extracellular traps contribute to acute lung injury of influenza pneumonitis. Am J Pathol. 2011;179:
199–210. [DOI] [PubMed] [PMC]

57.     

Wardini AB, Guimarães-Costa AB, Nascimento MT, Nadaes NR, Danelli MG, Mazur C, et al. 
Characterization of neutrophil extracellular traps in cats naturally infected with feline leukemia 
virus. J Gen Virol. 2010;91:259–64. [DOI] [PubMed]

58.     

Jenne CN, Wong CH, Zemp FJ, McDonald B, Rahman MM, Forsyth PA, et al. Neutrophils Recruited to 
Sites of Infection Protect from Virus Challenge by Releasing Neutrophil Extracellular Traps. Cell Host 
Microbe. 2013;13:169–80. [DOI]

59.     

Metzler KD, Fuchs TA, Nauseef WM, Reumaux D, Roesler J, Schulze I, et al. Myeloperoxidase is 
required for neutrophil extracellular trap formation: implications for innate immunity. Blood. 2011;
117:953–9. [DOI] [PubMed] [PMC]

60.     

Bruns S, Kniemeyer O, Hasenberg M, Aimanianda V, Nietzsche S, Thywissen A, et al. Production of 
extracellular traps against Aspergillus fumigatus in vitro and in infected lung tissue is dependent on 
invading neutrophils and influenced by hydrophobin RodA. PLoS Pathog. 2010;6:e1000873. [DOI] 
[PubMed] [PMC]

61.     

Bianchi M, Niemiec MJ, Siler U, Urban CF, Reichenbach J. Restoration of anti-Aspergillus defense by 
neutrophil extracellular traps in human chronic granulomatous disease after gene therapy is 
calprotectin-dependent. J Allergy Clin Immunol. 2011;127:1243–52.e7. [DOI] [PubMed]

62.     

Guimarães-Costa AB, Nascimento MT, Froment GS, Soares RP, Morgado FN, Conceição-Silva F, et al. 
Leishmania amazonensis promastigotes induce and are killed by neutrophil extracellular traps. Proc 
Natl Acad Sci U S A. 2009;106:6748–53. [DOI] [PubMed] [PMC]

63.     

Baker VS, Imade GE, Molta NB, Tawde P, Pam SD, Obadofin MO, et al. Cytokine-associated neutrophil 
extracellular traps and antinuclear antibodies in Plasmodium falciparum infected children under six 
years of age. Malar J. 2008;7:41. [DOI] [PubMed] [PMC]

64.     

Kessenbrock K, Krumbholz M, Schönermarck U, Back W, Gross WL, Werb Z, et al. Netting neutrophils 
in autoimmune small-vessel vasculitis. Nat Med. 2009;15:623–5. [DOI] [PubMed] [PMC]

65.     

Garcia-Romo GS, Caielli S, Vega B, Connolly J, Allantaz F, Xu Z, et al. Netting neutrophils are major 
inducers of type I IFN production in pediatric systemic lupus erythematosus. Sci Transl Med. 2011;3:
73ra20. [DOI] [PubMed] [PMC]

66.     

Lim MB, Kuiper JW, Katchky A, Goldberg H, Glogauer M. Rac2 is required for the formation of 
neutrophil extracellular traps. J Leukoc Biol. 2011;90:771–6. [DOI] [PubMed]

67.     

Oehmcke S, Mörgelin M, Herwald H. Activation of the human contact system on neutrophil 
extracellular traps. J Innate Immun. 2009;1:225–30. [DOI] [PubMed] [PMC]

68.     

Clark SR, Ma AC, Tavener SA, McDonald B, Goodarzi Z, Kelly MM, et al. Platelet TLR4 activates 
neutrophil extracellular traps to ensnare bacteria in septic blood. Nat Med. 2007;13:463–9. [DOI] 
[PubMed]

69.     

Neeli I, Khan SN, Radic M. Histone deimination as a response to inflammatory stimuli in neutrophils. 
J Immunol. 2008;180:1895–902. [DOI] [PubMed]

70.     

https://dx.doi.org/10.1083/jcb.200606027
http://www.ncbi.nlm.nih.gov/pubmed/17210947
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2063942
https://dx.doi.org/10.1159/000319909
http://www.ncbi.nlm.nih.gov/pubmed/20829609
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2982853
https://dx.doi.org/10.1016/j.chom.2012.05.015
http://www.ncbi.nlm.nih.gov/pubmed/22817992
https://dx.doi.org/10.1016/j.ajpath.2011.03.013
http://www.ncbi.nlm.nih.gov/pubmed/21703402
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3123873
https://dx.doi.org/10.1099/vir.0.014613-0
http://www.ncbi.nlm.nih.gov/pubmed/19793908
https://dx.doi.org/10.1016/j.chom.2013.01.005
https://dx.doi.org/10.1182/blood-2010-06-290171
http://www.ncbi.nlm.nih.gov/pubmed/20974672
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3035083
https://dx.doi.org/10.1371/journal.ppat.1000873
http://www.ncbi.nlm.nih.gov/pubmed/20442864
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2861696
https://dx.doi.org/10.1016/j.jaci.2011.01.021
http://www.ncbi.nlm.nih.gov/pubmed/21376380
https://dx.doi.org/10.1073/pnas.0900226106
http://www.ncbi.nlm.nih.gov/pubmed/19346483
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2672475
https://dx.doi.org/10.1186/1475-2875-7-41
http://www.ncbi.nlm.nih.gov/pubmed/18312656
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2275287
https://dx.doi.org/10.1038/nm.1959
http://www.ncbi.nlm.nih.gov/pubmed/19448636
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2760083
https://dx.doi.org/10.1126/scitranslmed.3001201
http://www.ncbi.nlm.nih.gov/pubmed/21389264
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3143837
https://dx.doi.org/10.1189/jlb.1010549
http://www.ncbi.nlm.nih.gov/pubmed/21712395
https://dx.doi.org/10.1159/000203700
http://www.ncbi.nlm.nih.gov/pubmed/20375580
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6951039
https://dx.doi.org/10.1038/nm1565
http://www.ncbi.nlm.nih.gov/pubmed/17384648
https://dx.doi.org/10.4049/jimmunol.180.3.1895
http://www.ncbi.nlm.nih.gov/pubmed/18209087


Explor Med. 2024;5:626–40 | https://doi.org/10.37349/emed.2024.00245 Page 639

Papayannopoulos V, Metzler KD, Hakkim A, Zychlinsky A. Neutrophil elastase and myeloperoxidase 
regulate the formation of neutrophil extracellular traps. J Cell Biol. 2010;191:677–91. [DOI] 
[PubMed] [PMC]

71.     

Branzk N, Papayannopoulos V. Molecular mechanisms regulating NETosis in infection and disease. 
Semin Immunopathol. 2013;35:513–30. [DOI] [PubMed] [PMC]

72.     

Beiter K, Wartha F, Albiger B, Normark S, Zychlinsky A, Henriques-Normark B. An endonuclease 
allows Streptococcus pneumoniae to escape from neutrophil extracellular traps. Curr Biol. 2006;16:
401–7. [DOI] [PubMed]

73.     

Van Avondt K, Hartl D. Mechanisms and disease relevance of neutrophil extracellular trap formation. 
Eur J Clin Invest. 2018;48:e12919. [DOI] [PubMed]

74.     

Ríos-López AL, González GM, Hernández-Bello R, Sánchez-González A. Avoiding the trap: 
Mechanisms developed by pathogens to escape neutrophil extracellular traps. Microbiol Res. 2021;
243:126644. [DOI] [PubMed]

75.     

Yipp BG, Petri B, Salina D, Jenne CN, Scott BN, Zbytnuik LD, et al. Infection-induced NETosis is a 
dynamic process involving neutrophil multitasking in vivo. Nat Med. 2012;18:1386–93. [DOI]

76.     

Domínguez-Díaz C, Varela-Trinidad GU, Muñoz-Sánchez G, Solórzano-Castanedo K, Avila-Arrezola 
KE, Iñiguez-Gutiérrez L, et al. To Trap a Pathogen: Neutrophil Extracellular Traps and Their Role in 
Mucosal Epithelial and Skin Diseases. Cells. 2021;10:1469. [DOI] [PubMed] [PMC]

77.     

Zawrotniak M, Kozik A, Rapala-Kozik M. Neutrophil Extracellular Traps in Infectious Human 
Diseases. In: Khajah M, editor. Role of Neutrophils in Disease Pathogenesis. IntechOpen; 2017.

78.     

von Köckritz-Blickwede M, Nizet V. Innate immunity turned inside-out: antimicrobial defense by 
phagocyte extracellular traps. J Mol Med (Berl). 2009;87:775–83. [DOI] [PubMed] [PMC]

79.     

Ebrahimi F, Giaglis S, Hahn S, Blum CA, Baumgartner C, Kutz A, et al. Markers of neutrophil 
extracellular traps predict adverse outcome in community-acquired pneumonia: secondary analysis 
of a randomised controlled trial. Eur Respir J. 2018;51:1701389. [DOI] [PubMed]

80.     

Lefrançais E, Mallavia B, Zhuo H, Calfee CS, Looney MR. Maladaptive role of neutrophil extracellular 
traps in pathogen-induced lung injury. JCI Insight. 2018;3:e98178. [DOI] [PubMed] [PMC]

81.     

Czaikoski PG, Mota JM, Nascimento DC, Sônego F, Castanheira FV, Melo PH, et al. Neutrophil 
Extracellular Traps Induce Organ Damage during Experimental and Clinical Sepsis. PLoS One. 2016;
11:e0148142. [DOI] [PubMed] [PMC]

82.     

Yang JJ, Kettritz R, Falk RJ, Jennette JC, Gaido ML. Apoptosis of endothelial cells induced by the 
neutrophil serine proteases proteinase 3 and elastase. Am J Pathol. 1996;149:1617–26. [PubMed] 
[PMC]

83.     

Hou HH, Cheng SL, Chung KP, Wei SC, Tsao PN, Lu HH, et al. PlGF mediates neutrophil elastase-
induced airway epithelial cell apoptosis and emphysema. Respir Res. 2014;15:106. [DOI] [PubMed] 
[PMC]

84.     

Grechowa I, Horke S, Wallrath A, Vahl CF, Dorweiler B. Human neutrophil elastase induces 
endothelial cell apoptosis by activating the PERK-CHOP branch of the unfolded protein response. 
FASEB J. 2017;31:3868–81. [DOI] [PubMed]

85.     

Daniel C, Leppkes M, Muñoz LE, Schley G, Schett G, Herrmann M. Extracellular DNA traps in 
inflammation, injury and healing. Nat Rev Nephrol. 2019;15:559–75. [DOI] [PubMed]

86.     

Hiyoshi T, Domon H, Maekawa T, Nagai K, Tamura H, Takahashi N, et al. Aggregatibacter 
actinomycetemcomitans induces detachment and death of human gingival epithelial cells and 
fibroblasts via elastase release following leukotoxin-dependent neutrophil lysis. Microbiol Immunol. 
2019;63:100–10. [DOI] [PubMed]

87.     

Brinkmann V. Neutrophil Extracellular Traps in the Second Decade. J Innate Immun. 2018;10:
414–21. [DOI] [PubMed] [PMC]

88.     

https://dx.doi.org/10.1083/jcb.201006052
http://www.ncbi.nlm.nih.gov/pubmed/20974816
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3003309
https://dx.doi.org/10.1007/s00281-013-0384-6
http://www.ncbi.nlm.nih.gov/pubmed/23732507
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3685711
https://dx.doi.org/10.1016/j.cub.2006.01.056
http://www.ncbi.nlm.nih.gov/pubmed/16488875
https://dx.doi.org/10.1111/eci.12919
http://www.ncbi.nlm.nih.gov/pubmed/29543328
https://dx.doi.org/10.1016/j.micres.2020.126644
http://www.ncbi.nlm.nih.gov/pubmed/33199088
https://dx.doi.org/10.1038/nm.2847
https://dx.doi.org/10.3390/cells10061469
http://www.ncbi.nlm.nih.gov/pubmed/34208037
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8230648
https://dx.doi.org/10.1007/s00109-009-0481-0
http://www.ncbi.nlm.nih.gov/pubmed/19444424
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2707954
https://dx.doi.org/10.1183/13993003.01389-2017
http://www.ncbi.nlm.nih.gov/pubmed/29519921
https://dx.doi.org/10.1172/jci.insight.98178
http://www.ncbi.nlm.nih.gov/pubmed/29415887
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5821185
https://dx.doi.org/10.1371/journal.pone.0148142
http://www.ncbi.nlm.nih.gov/pubmed/26849138
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4743982
http://www.ncbi.nlm.nih.gov/pubmed/8909251
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1865283
https://dx.doi.org/10.1186/s12931-014-0106-1
http://www.ncbi.nlm.nih.gov/pubmed/25186164
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4267747
https://dx.doi.org/10.1096/fj.201700012R
http://www.ncbi.nlm.nih.gov/pubmed/28507169
https://dx.doi.org/10.1038/s41581-019-0163-2
http://www.ncbi.nlm.nih.gov/pubmed/31213698
https://dx.doi.org/10.1111/1348-0421.12672
http://www.ncbi.nlm.nih.gov/pubmed/30817027
https://dx.doi.org/10.1159/000489829
http://www.ncbi.nlm.nih.gov/pubmed/29909412
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6784051


Explor Med. 2024;5:626–40 | https://doi.org/10.37349/emed.2024.00245 Page 640

Li RHL, Johnson LR, Kohen C, Tablin F. A novel approach to identifying and quantifying neutrophil 
extracellular trap formation in septic dogs using immunofluorescence microscopy. BMC Vet Res. 
2018;14:210. [DOI] [PubMed] [PMC]

89.     

Li RHL, Tablin F. A Comparative Review of Neutrophil Extracellular Traps in Sepsis. Front Vet Sci. 
2018;5:291. [DOI] [PubMed] [PMC]

90.     

Ekaney ML, Otto GP, Sossdorf M, Sponholz C, Boehringer M, Loesche W, et al. Impact of plasma 
histones in human sepsis and their contribution to cellular injury and inflammation. Crit Care. 2014;
18:543. [DOI] [PubMed] [PMC]

91.     

Gupta S, Kaplan MJ. The role of neutrophils and NETosis in autoimmune and renal diseases. Nat Rev 
Nephrol. 2016;12:402–13. [DOI] [PubMed] [PMC]

92.     

Glennon-Alty L, Hackett AP, Chapman EA, Wright HL. Neutrophils and redox stress in the 
pathogenesis of autoimmune disease. Free Radic Biol Med. 2018;125:25–35. [DOI] [PubMed]

93.     

Keshari RS, Jyoti A, Dubey M, Kothari N, Kohli M, Bogra J, et al. Cytokines induced neutrophil 
extracellular traps formation: implication for the inflammatory disease condition. PLoS One. 2012;7:
e48111. [DOI] [PubMed] [PMC]

94.     

Schauer C, Janko C, Munoz LE, Zhao Y, Kienhöfer D, Frey B, et al. Aggregated neutrophil extracellular 
traps limit inflammation by degrading cytokines and chemokines. Nat Med. 2014;20:511–7. [DOI] 
[PubMed]

95.     

Vorobjeva NV, Chernyak BV. NETosis: Molecular Mechanisms, Role in Physiology and Pathology. 
Biochemistry (Mosc). 2020;85:1178–90. [DOI] [PubMed] [PMC]

96.     

Sharma P, Garg N, Sharma A, Capalash N, Singh R. Nucleases of bacterial pathogens as virulence 
factors, therapeutic targets and diagnostic markers. Int J Med Microbiol. 2019;309:151354. [DOI] 
[PubMed]

97.     

Ul Ain Q, Chung JY, Kim YH. Current and future delivery systems for engineered nucleases: ZFN, 
TALEN and RGEN. J Control Release. 2015;205:120–7. [DOI] [PubMed]

98.     

Vassallo A, Wood AJ, Subburayalu J, Summers C, Chilvers ER. The counter-intuitive role of the 
neutrophil in the acute respiratory distress syndrome. Br Med Bull. 2019;131:43–55. [DOI] 
[PubMed]

99.     

Uddin M, Watz H, Malmgren A, Pedersen F. NETopathic Inflammation in Chronic Obstructive 
Pulmonary Disease and Severe Asthma. Front Immunol. 2019;10:47. [DOI] [PubMed] [PMC]

100.     

Mutua V, Gershwin LJ. A Review of Neutrophil Extracellular Traps (NETs) in Disease: Potential Anti-
NETs Therapeutics. Clin Rev Allergy Immunol. 2021;61:194–211. [DOI] [PubMed] [PMC]

101.     

Shak S, Capon DJ, Hellmiss R, Marsters SA, Baker CL. Recombinant human DNase I reduces the 
viscosity of cystic fibrosis sputum. Proc Natl Acad Sci U S A. 1990;87:9188–92. [DOI] [PubMed] 
[PMC]

102.     

Meng W, Paunel-Görgülü A, Flohé S, Witte I, Schädel-Höpfner M, Windolf J, et al. Deoxyribonuclease 
is a potential counter regulator of aberrant neutrophil extracellular traps formation after major 
trauma. Mediators Inflamm. 2012;2012:149560. [DOI] [PubMed] [PMC]

103.     

Mohanty T, Fisher J, Bakochi A, Neumann A, Cardoso JFP, Karlsson CAQ, et al. Neutrophil 
extracellular traps in the central nervous system hinder bacterial clearance during pneumococcal 
meningitis. Nat Commun. 2019;10:1667. [DOI] [PubMed] [PMC]

104.     

Kaplan JB, LoVetri K, Cardona ST, Madhyastha S, Sadovskaya I, Jabbouri S, et al. Recombinant human 
DNase I decreases biofilm and increases antimicrobial susceptibility in staphylococci. J Antibiot 
(Tokyo). 2012;65:73–7. [DOI] [PubMed] [PMC]

105.     

https://dx.doi.org/10.1186/s12917-018-1523-z
http://www.ncbi.nlm.nih.gov/pubmed/29945605
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6020318
https://dx.doi.org/10.3389/fvets.2018.00291
http://www.ncbi.nlm.nih.gov/pubmed/30547040
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6280561
https://dx.doi.org/10.1186/s13054-014-0543-8
http://www.ncbi.nlm.nih.gov/pubmed/25260379
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4201918
https://dx.doi.org/10.1038/nrneph.2016.71
http://www.ncbi.nlm.nih.gov/pubmed/27241241
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5510606
https://dx.doi.org/10.1016/j.freeradbiomed.2018.03.049
http://www.ncbi.nlm.nih.gov/pubmed/29605448
https://dx.doi.org/10.1371/journal.pone.0048111
http://www.ncbi.nlm.nih.gov/pubmed/23110185
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3482178
https://dx.doi.org/10.1038/nm.3547
http://www.ncbi.nlm.nih.gov/pubmed/24784231
https://dx.doi.org/10.1134/S0006297920100065
http://www.ncbi.nlm.nih.gov/pubmed/33202203
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7590568
https://dx.doi.org/10.1016/j.ijmm.2019.151354
http://www.ncbi.nlm.nih.gov/pubmed/31495663
https://dx.doi.org/10.1016/j.jconrel.2014.12.036
http://www.ncbi.nlm.nih.gov/pubmed/25553825
https://dx.doi.org/10.1093/bmb/ldz024
http://www.ncbi.nlm.nih.gov/pubmed/31504234
https://dx.doi.org/10.3389/fimmu.2019.00047
http://www.ncbi.nlm.nih.gov/pubmed/30804927
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6370641
https://dx.doi.org/10.1007/s12016-020-08804-7
http://www.ncbi.nlm.nih.gov/pubmed/32740860
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7395212
https://dx.doi.org/10.1073/pnas.87.23.9188
http://www.ncbi.nlm.nih.gov/pubmed/2251263
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC55129
https://dx.doi.org/10.1155/2012/149560
http://www.ncbi.nlm.nih.gov/pubmed/22315507
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3270459
https://dx.doi.org/10.1038/s41467-019-09040-0
http://www.ncbi.nlm.nih.gov/pubmed/30971685
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6458182
https://dx.doi.org/10.1038/ja.2011.113
http://www.ncbi.nlm.nih.gov/pubmed/22167157
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3288126

	Abstract
	Keywords
	Introduction
	Mechanism of restriction-modification system in bacterial horizontal gene transfer (HGT) and natural transformation of S.pneumoniae
	The role of EndA in the natural transformation of S.pneumoniae
	EndA as a virulence factor of S.pneumoniae: escaping from NETs
	Trapping of S.pneumoniae by NETs and their consequences on immunogenicity and other diseases
	Nucleases and NET recombination therapy

	Conclusions
	Abbreviations
	Declarations
	Author contributions
	Conflicts of interest
	Ethical approval
	Consent to participate
	Consent to publication
	Availability of data and materials
	Funding
	Copyright

	References

