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ARTICLE INFO ABSTRACT
Keywords: Staphylococcus aureus, a prominent human pathogen, exhibits a remarkable ability to interact with host proteins
Staphylococcus aureus involved in crucial physiological pathways, such as the complement system, coagulation cascade, and fibrinolysis
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cascade. This paper explores the ability of this notable bacteria to successfully manipulate and evade the host
innate system, expatiating on the strategies that enhance its pathogenicity leading to implications on the
healthcare system such as the propagation of diverse nosocomial infections. The investigation focuses on key
S. aureus proteins, including Coagulase (Coa), von Willebrand factor-binding protein (vWbp), and Staphylokinase
(SAK), which play pivotal roles in blood coagulation, fibrinolysis, and evasion of host antibacterial peptides.
Notably, these proteins contribute to the formation of fibrin networks, protecting the bacterium from immune
clearance and promoting lethal bloodstream infections in murine models. Additionally, the debate surrounding
the role of SAK as a critical virulence factor is addressed, emphasizing its impact on biofilm formation, invasion
of internal organs, and bacterial loads in sepsis studies. Furthermore, the interaction of S. aureus with matrix
metalloproteinases and the secretion of superantigen-like proteins (SSL1 and SSL5) are explored as additional
mechanisms employed by the bacterium to impede immune responses. In addressing emerging challenges in
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innate immunity, the paper discusses the escalating antibiotic resistance in S. aureus, with a specific focus on
methicillin-resistant strains (MRSA) and its capacity to instigate healthcare-associated infections as an effect.

1. Introduction

In recent years, an intensified focus has been placed on unravelling
the interplay between microbial pathogens and the human immune
system, particularly within healthcare-associated infections (HAIs) [1].
Amid the myriad pathogens that pose substantial threats to healthcare
settings, Staphylococcus aureus has emerged as a significant protagonist,
presenting formidable challenges to the innate immune response [2].
The immune system, consisting of innate and adaptive mechanisms, is
the primary defence against various pathogens, including viruses, bac-
teria, protozoa, and fungi [3]. While innate immunity is an intrinsic
defence during initial pathogenic encounters, adaptive immunity as-
sumes responsibility for subsequent or recurrent exposures [4].

Against this backdrop, S. aureus, renowned for its antibiotic resis-
tance and capacity to induce a spectrum of healthcare-associated dis-
eases, has become a critical concern [5]. Once susceptible to beta-lactam
and related antibiotic classes, the rise of methicillin-resistant S. aureus
(MRSA) strains has precipitated a profound therapeutic conundrum [6].
Predisposing factors, such as prolonged hospitalisations, the use of
indwelling medical devices, and indiscriminate antimicrobial practices,
contribute to the escalating prevalence of MRSA [7]. Particularly
vulnerable are patients in intensive care units (ICUs), post-surgical in-
dividuals, and those reliant on medical devices, given their compro-
mised immune status [8].

The imperative to prevent S. aureus infections has gained paramount
significance, with routine vaccination remaining elusive [9]. Conse-
quently, this paper aims to comprehensively explore the challenges of
S. aureus within healthcare-associated infections, elucidating the path-
ogen’s evasion strategies against the innate immune response. In addi-
tion, the study endeavors to examine the implications of antibiotic
resistance on therapeutic interventions and propose potential strategies
for mitigating the escalating prevalence of drug-resistant S. aureus
strains. Against this backdrop, the 2022 Global Antimicrobial Resistance
and Use Surveillance System (GLASS) report revealed that MRSA con-
stitutes 35% of median reported rates [8]. Alarming global statistics
further highlight an average of 64 deaths per 100,000 individuals
associated with antibiotic resistance, with Western sub-Saharan Africa
recording the highest mortality at 114.8 deaths per 100,000 people.
Presently, nearly 99% of S. aureus strains exhibit resistance to penicillin,
with mecA gene-encoded strains representing the majority of MRSA
strains. This surge in drug-resistant pathogens poses an imminent threat
to global public health [8].

The escalating prevalence of antibiotic-resistant strains of S. aureus,
particularly the rise of MRSA, necessitates a thorough review of the
current state of knowledge. This review aims to consolidate existing
literature, providing a comprehensive understanding of the mechanisms
employed by S. aureus to subvert innate immune defences and thrive in
healthcare settings. This review contributes to the broader scientific
discourse on healthcare-associated infections, fostering a deeper
comprehension of the challenges posed by S. aureus and informing
future research directions in the field.

2. Methodology

A literature search of PubMed, Scopus, and Web of Science was
conducted. The search focused on articles published between 2000 and
December 2023 thereby making more recent articles in the 21st century
the focal source due to the volume of existing work on S. aureus. A
combination of keywords such as "Staphylococcus aureus," "innate im-
munity," "antibiotic resistance," and "healthcare-associated infections"
guided the search. The inclusion criteria encompassed studies published

in peer-reviewed journals. The extracted studies were categorised based
on themes such as innate immune responses to S. aureus, antibiotic
resistance mechanisms, and the dynamics of healthcare-associated in-
fections. Although various literature have attested to the plethora of
pertinent players and mechanisms involved in this cause and effect
system of S. aureus to nosocomial infections, the integration of findings
in this article clearly constructs a more comprehensive narrative using
recent and up to date information to elucidate the challenges posed by
S. aureus in healthcare settings, particularly focusing on innate immu-
nity and antibiotic resistance.

2.1. Innate immune response to S. aureus

The innate immune system serves as a sophisticated defence mech-
anism, comprising cellular defences, humoral responses, and physical
barriers that collectively establish the initial line of protection against
microbes while maintaining overall body homeostasis [5]. Fig. 1. An
integral component of the innate immune response is its cellular aspect,
crucial for recognising and eradicating invading pathogens [6]. Key
participants in this cellular defence include natural killer (NK) cells,
dendritic cells, neutrophils, and macrophages [7]. Macrophages and
dendritic cells, functioning as expert antigen-presenting cells, play a
pivotal role in stimulating immune responses by exposing other immune
cells to antigens derived from pathogens [7].

Meanwhile, NK cells specialise in identifying and eliminating virus-
containing infected host cells, showcasing their proficiency in
combating microbial threats [6,7]. In addition, pattern recognition re-
ceptors (PRRs) interact with microbial-associated molecular patterns
(MAMPs), enabling the innate immune system to recognise pathogens
[7]. Pattern recognition receptors (PRRs) that are important for the
innate immune response include toll-like receptors (TLRs),
nucleotide-binding oligomerisation domain (NOD)-like receptors
(NLRs), and retinoic acid-inducible gene-I (RIG-I)-like receptors (RLRs)
[3,71.

Some interrelated elements make up the humoral arm of the innate
immune response, which is essential for defending the host against
pathogens, directing the adaptive immune response, and preserving
general homeostasis [8]. Three pathways lead to complement activa-
tion, forming the membrane attack complex (MAC) and other immune
mediators [8]. Factor XII is involved in the contact cascade, which starts
clot formation and triggers several physiological reactions. B1 B lym-
phocytes produce naturally occurring antibodies (NAbs) to recognise
various pathogens and regulate the adaptive immune response [6]. As
acute phase proteins, lectraxins (serum amyloid P protein, C-reactive
protein) identify and remove pathogens [5]. Although these humoral
components’ complex interactions are essential to host defence,
improper activation can have negative consequences [9].

The skin’s structural framework accommodates blood vessels, adi-
pocytes, fibroblasts, and diverse resident immune cells, such as macro-
phages, dendritic cells, mast cells, T and B lymphocytes, and plasma cells
[10]. The abundance of these immune cells within the skin collectively
contributes to regulating S. aureus infection by influencing different
facets of the immune response [11]. Keratinocytes (KCs), as the first line
of defence, recognise pathogen-associated molecular patterns (PAMPs)
through PRRs such as Toll-like receptors (TLRs), NOD1, NOD2, CD36,
and MARCO [12]. Activation of these receptors produces various cyto-
kines, chemokines, and antimicrobial effectors [13]. TLRs, particularly
TLR2, are involved in multiple stages of S. aureus infection, inducing
inflammatory responses and antimicrobial peptide release [13]. Intra-
cellular PRRs, NOD1 and NOD2, also detect S. aureus peptidoglycan,
triggering inflammation, antimicrobial peptide production, and
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phagocytic effector functions [14]. Scavenger receptors like CD36,
SRBII, and MARCO are essential for optimal skin host defence against
S. aureus [14-16]. The distinct roles of various dendritic cell subsets in
S. aureus skin infection have yet to be fully understood, highlighting the
complexity of the immune response in the skin [17].

S. aureus has a wide range of virulence factors that help it attach to
host tissues, invade those tissues, cause host cell death, and spread
throughout the body. Remarkably, these virulence factors also strongly
trigger the innate immune system [18]. Staphylococcal adhesins bind
S. aureus to collagen and fibronectin, two extracellular matrix (ECM)
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constituents in bone. Certain adhesins even help S. aureus enter
non-professional phagocytic cells like osteoblasts through endocytic
uptake [19]. Lysing the endosome, S. aureus can break free and enter the
cytoplasm after internalisation. Due to the expression of different PRRs
by osteoblasts, osteoclasts, and their precursor cells, this intimate
interaction with bone cells sets off immune responses [20]. Depending
on the cell type, different outcomes can arise from PRR ligation. While
PRR stimulation inhibits myeloid precursor cells from developing into
osteoclasts, it improves pre-osteoclast differentiation primed with
RANKL. Pro-osteoclastogenic cytokines like TNFo and RANKL are

Three Outcomes of Complement Activation
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Fig. 1. Summary of the outcome of complement activation, (1) Opsonization of target cells occurs through complement cleavage products like C3b, facilitating
recognition by phagocytes and subsequent phagocytosis. (2) The cleavage of C3 and C5 results in the generation of anaphylatoxins, C3a and C5a, respectively. These
anaphylatoxins recruit and activate immune cells by binding to their receptors on leukocytes. (3) The late complement components, including C5, C6, C7, C8, and C9,
collaborate to form the membrane attack complex (MAC), a pore structure that induces cytolysis. Image was created with Biorender.
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produced when osteoblast PRR activation occurs, along with other cy-
tokines and antimicrobial peptides (AMPs) [21]. Crosstalk may be be-
tween immune-mediated signalling and signalling cascades triggered by
RANKL on myeloid cells after immune activation. Furthermore, p38
MAPK is activated by IL-1 cytokines via TRAF6 signalling, which pro-
motes osteoclastogenesis. TLR/IL-1R ligation has a complex effect on
osteoclast differentiation; however, once cells are primed with RANKL,
these stimuli enhance osteoclastogenesis [22].

Bone cell PRRs that sense S. aureus include TLR2, which recognizes
lipoteichoic acid and peptidoglycan; TLR9, which recognizes bacterial
DNA endosomally; and NOD, which recognizes cytoplasmic bacteria
that have escaped from the endosome [23]. In vitro, S. aureus activates
osteoblasts’ TLR2, which results in the release of AMPs and cell death
[24]. Once internalized, TLR9-mediated oxidative stress induction can
eradicate S. aureus in osteoblasts within the endosome [25]. Osteoblasts
are also stimulated by S. aureus to express NOD2, and the combination of
NOD2 and TLR2 produces RANKL. Furthermore, S. aureus peptidoglycan
and bone particles in myeloid cells can activate the NLRP3 inflamma-
some. As a result, when multiple PRRs on bone cells identify S. aureus, a
strong inflammatory response is triggered, which modifies bone
remodelling. The significance of the response to general bacterial motifs
is highlighted by the recognition of S. aureus by PRRs such as TLR2 and
NOD2, which establish shared innate mechanisms between resident skin
and bone cells [26,27].

2.2. Strategies employed by S. aureus against the innate immune system

S. aureus utilises an array of proteases, including cysteine proteases
(staphopain A, ScpA, and staphopain B, SspB), a serine protease (V8 or
SspA), serine protease-like proteins (Spls), and a metalloproteinase
(aureolysin, Aur) [28]. Originally viewed as a nutrient acquisition tool,
evidence now suggests their critical involvement in evading host im-
munity by interacting with neutrophils, plasma proteins, and antimi-
crobial peptides [29]. This paradigm shift highlights the multifunctional
role of S. aureus proteases in host-pathogen interactions, immune
evasion, and adaptation within the host environment [30,31].

Staphopains A (ScpA) and B (SspB) are papain-like proteases
expressed by Staphylococcus aureus, approximately 20 kDa in size and
exhibiting nearly identical three-dimensional structures despite having
limited primary sequence identity. ScpA comprises two domains known
as L- and R-domains [29]. While the in vivo virulence potential of sta-
phopains remains insufficiently explored, in vitro experiments have
highlighted their broad activity, encompassing connective tissue
degradation, interference with clotting and kinin systems, and direct
interactions with host immune cells [32,33].

In ScpA experiments, neutrophils treated with this protease exhibit a
diminished response to CXCR2 chemokine activation following the
specific cleavage of the N-terminal domain. Specific protease inhibitors
can counteract this effect [33]. Furthermore, ScpA hampers neutrophil
migration toward CXCR2 chemokines and tissue recruitment, empha-
sising its regulatory role in immune cell functions [34]. It is crucial to
note that translating these in vitro findings to the complexities of
infected tissues remains challenging due to the intricate and redundant
network of cytokine functions [34].

On the other hand, exposure of phagocytes (neutrophils and mono-
cytes) to SspB inhibits their antibacterial functions by suppressing
chemotactic activity, leading to extensive clearance of SspB-treated cells
by macrophages. SspB also cleaves CD31 on the surface of neutrophils, a
member of the immunoglobulin superfamily involved in the repulsive
signalling pathway that discourages macrophage predatory activity.
Consequently, SspB’s proteolytic activity compromises neutrophil
functionality, explaining monocyte-derived macrophages’ observed
phagocytosis of SspB-treated neutrophils, facilitating staphylococcal
colonisation and spreading [30].

V8 protease relates to pancreatic serine proteases, exhibiting a
distinct enzymatic profile [31,32]. The enzyme’s structural resemblance
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extends to various serine proteases, including epidermolytic toxins A
and B from S. aureus and trypsin, with nearly identical active site con-
formations [33,34]. Particularly unique is the involvement of the posi-
tively charged N-terminus in determining substrate specificity [35]. V8
protease exhibits the distinctive ability to degrade all human immuno-
globulin classes [34]. Its cleavage of IgG is linked to the partial loss of
antigenic determinants and disruption of effector function due to Fc
region degradation [35]. This suggests that V8 protease may interfere
with the ability of antibodies to link cell-surface antigens to immune
effector cells, potentially providing a protective mechanism for bacteria
against the host’s defence mechanisms [35].

Aureolysin (Aur), a zinc-dependent metalloprotease within the
thermolysin family, showcases a distinctive structure with a polypeptide
chain folding into a fB-pleated N-terminal domain and an o-helical C-
terminal domain [36]. The protease also engages with the immune
system by affecting T and B lymphocytes, exhibiting inhibitory activity
against immunoglobulin production [37-39]. Furthermore, Aur plays a
pivotal role in staphylococcal immune evasion through the cleavage of
antimicrobial peptide LL-37 [31]. Recent investigations by Burlak et al.
reveal intriguing dynamics within phagocytic vacuoles. Aur, along with
other staphylococcal proteases, is expressed following bacterial phago-
cytosis by human neutrophils [40]. This newfound insight, coupled with
the observation that an isogenic aur mutant is more efficiently targeted
by macrophages upon phagocytosis, suggests a potential protective
mechanism where Aur shields staphylococci within phagocytes, possibly
resisting antimicrobial peptide killing [41]. Delving deeper into Aur’s
interaction with the complement system, detailed analysis reveals its
ability to cleave complement component C3 to C3b. The ensuing rapid
degradation by factors H and I in serum results in poor opsonization of
bacteria with C3b. This intricate process attenuates phagocytosis and
subsequent killing by neutrophils [34].

Serine Protease-Like Proteins (Spls) in Staphylococcus aureus consti-
tute a group of six extracellular proteases (SplA-SplF) expressed in vivo
and encoded within a single operon in the S. aureus genome. SplA, SplB,
SplC, and SplD are extensively characterised, showing structural ho-
mology to V8 protease and epidermolytic toxins [42]. For instance, SplA
exhibits a chymotrypsin-like fold with two domains, each having six
antiparallel p strands, forming a p barrel. The enzyme’s active site in-
cludes conserved residues, characteristic of enzymatically active
chymotrypsin-like proteases [42]. Spls induce IgE antibody responses in
most asthmatic patients and stimulate T cells to produce TH2 cytokines,
resembling typical allergen responses. This suggests that Spls could be
considered triggering allergens released by S. aureus, presenting op-
portunities for asthma diagnosis and causal therapy [43].

Furthermore, Spls are crucial in causing disseminated lung damage
in a rabbit pneumonia model. SplA can cleave mucin 16, a glycosylated
cell surface protein from the human lung cell line CalU-3. This cleavage
suggests removing mucin 16 may promote S. aureus invasion and spread
in host tissues. Analysis of secreted and surface proteins in S. aureus
strains revealed alterations in bacterial protein abundance, indicating a
potential role of these proteases in modulating virulence factor pro-
duction. The exact impact of Spls, with their proteolytic potential, on the
host’s immune defence mechanisms remains to be determined [44].

A homolog of a Staphylococcus epidermidis protein, annotated as an
epidermin leader peptide processing serine protease (EpiP), has been
identified and characterised in Staphylococcus aureus [45]. The S. aureus
EpiP is released into the extracellular milieu and expressed as a zymogen
that undergoes cleavage through an autocatalytic intramolecular
mechanism. This protein acts as a serine protease and cleaves collagen
and casein [45]. The epiP gene contains a peptidase-S8 domain in
subtilisin-like serine proteases and the Streptococcus pyogenes homolog
SpyCEP protease [45]. SpyCEP, known to inactivate IL-8 through
C-terminal cleavage, hinders neutrophil recruitment at the infection site,
impacting bacterial clearance. Given the crucial role of neutrophils in
combating bacterial infections, EpiP might display a pathogenic activity
similar to SpyCEP [46].
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Exfoliative toxins A and B (ETA/ETB) directly contribute to skin
breakage, causing blister formation in staphylococcal scalded skin syn-
drome (SSSS) and bullous impetigo. ETA and ETB, serine proteases with
a similar overall structure, specifically cleave desmoglein 1, a desmo-
somal adhesion molecule mediating intercellular adhesion in the stra-
tum granulosum of the skin [47]. In SSSS, S. aureus in distant foci
produces toxins that can spread through the bloodstream and cause
exfoliation in remote sites. In bullous impetigo, a localised form of SSSS,
S. aureus is present only in the lesions [47].

ETs share a cleavage site on desmoglein 1 and a high sequence
similarity with V8 protease. Therefore, it is speculated that ETs and V8
might collaborate to disrupt desmoglein 1, compromising the stability
and barrier function of the skin [48]. In a variant of the above strategy,
S. aureus cells capture activated host proteases that directly cleave
essential components of host defense mechanisms. For instance, the cell
wall-anchored protein clumping factor A binds to the complement
regulator factor I, enhancing factor I-driven cleavage of complement
component C3b [47]. Similarly, the surface protein SdrE enhances the
recruitment of complement regulator factor H (FH). SdrE-bound FH
retains cofactor activity for factor I-mediated cleavage of C3b, resulting
in the down-regulation of complement effectors and increased protec-
tion from neutrophil killing [48].

2.3. Proteins expressed by S. aureus that modulate host protease activity

S. aureus employs a variety of proteins to modulate host protease
activity, playing crucial roles in immune evasion and enhancing the
pathogen’s virulence. These proteins work with host systems like the
complement system, the coagulation cascade, and the fibrinolysis
cascade. They do this by either turning on zymogens or stopping host
proteases that are important for immune defense [49,50].

Coagulation Modulators: Coa and vWbp: Von Willebrand factor-
binding protein (vWbp) and coagulase (Coa) are two essential proteins
that control coagulation. Coa binds prothrombin via its N-terminal
D1D2 domain, inducing a conformational change that allows pro-
thrombin to convert fibrinogen into fibrin, facilitating clot formation
[51]. This creates a protective fibrin shield around the bacteria, aiding
immune evasion and directly affecting the coagulation cascade [52,53].
In the same way, vWbp binds to von Willebrand factor and forms a
complex with prothrombin. This complex changes fibrinogen into fibrin
and helps blood clot and causes infections in the bloodstream [54].

Fibrinolysis Modulator: Staphylokinase (SAK): Staphylokinase
(SAK), a bacteriophage-encoded protein, is a crucial fibrinolysis modu-
lator. It binds to and neutralizes human antibacterial peptides, changes
plasminogen into plasmin, and helps break down fibrin and important
immune molecules like IgG and C3b [55-58]. SAK helps bacteria spread,
stops biofilms from forming, and encourages invasion of internal organs,
making it very important for staphylococcal infections [59].

Cellular Barrier Disruptor: a-Toxin: a-Toxin, also known as o-he-
molysin, breaks down cell barriers by killing cells in different ways and
affecting the way epithelial barriers work. It cleaves E-cadherin via the
receptor ADAM10, facilitating staphylococcal invasion and contributing
to the severity of acute lung injuries [60,61]. This toxin disrupts physical
barriers and activates host proteases.

Neutrophil Serine Protease Inhibitor: Extracellular Adherence Pro-
tein (Eap): Extracellular adherence protein (Eap) is a neutrophil serine
protease inhibitor that interferes with the activation and function of
neutrophil serine proteases (NSPs) by blocking their catalytic sites [50].
This action lowers the ability of neutrophils to opsonophagocytose and
kills S. aureus, which lets the pathogen avoid being killed by neutrophils
[62,63].

Matrix Metalloprotease Inhibitors: SSL1 and SSL5: SSL proteins,
particularly SSL1 and SSL5, act as matrix metalloprotease inhibitors.
They inhibit matrix metalloprotease activity, affecting neutrophil
chemotaxis and migration by blocking the cleavage and potentiation of
IL-8 and restraining neutrophil migration [64,65]. This impairs the
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host’s ability to clear bacterial infections.

Complement System Modulators: Cna and SCIN: Complement system
modulators, such as Cna and SCIN, represent strategies employed by
S. aureus to evade the complement system. Cna prevents the formation of
the CP activation complex, while SCIN stabilizes the alternative pathway
convertase in an inactive state, hindering the complement system’s role
in immune defense [66,67].

Other Key Proteins: Efb and Cell Wall-Anchored Proteins: Fibrinogen
binding protein (Efb) disrupts the interaction between C3b and com-
plement factor B, inhibiting active C3 convertase formation [68]. Its role
in hindering platelet aggregation, impeding wound healing, and
obstructing neutrophil adherence emphasizes its significance in immune
evasion and infection propagation [69-71]. Cell wall-anchored proteins,
including clumping factors A and B, along with the glycosylases SdgA
and SdgB, enhance S. aureus adherence to host tissues and protect bac-
terial proteins from degradation by human proteases [72,73]. This
mechanism supports the pathogen’s colonization and persistence in the
host.

S. aureus utilizes a sophisticated array of proteins to manipulate host
protease activity, aiding in its survival and proliferation within the host.
These proteins target critical points in the host’s immune defense
mechanisms, facilitating the pathogen’s evasion and contributing to its
virulence. Understanding these interactions offers insights into potential
therapeutic targets for combating S. aureus infections.

3. Emerging challenges in innate immunity

3.1. Comparative analysis of S. aureus strains and their interactions with
the immune system

Different S. aureus strains, including methicillin-susceptible S. aureus
(MSSA), methicillin-resistant S. aureus (MRSA), vancomycin-intermediate S.
aureus (VISA), and vancomycin-resistant S. aureus (VRSA), have intricate
interactions between them and the host immune system, highlighting
the emerging challenges in combating S. aureus infections.

MSSA strains are generally more susceptible to antibiotics compared
to their resistant counterparts. However, they still possess an array of
virulence factors that enable them to evade the host immune response.
S. aureus produces several hemolytic exoproteins, such as alpha (), beta
(B), delta (8), and gamma (y) toxins, as well as Panton-Valentine
leucocidin (PVL), which regulate tissue damage and induce inflamma-
tory reactions [73]. These toxins contribute to the pathogenesis of MSSA
infections by damaging host cells and modulating the immune response.

MRSA strains, on the other hand, have acquired resistance to
methicillin and other p-lactam antibiotics, making them more chal-
lenging to treat. The emergence of community-acquired MRSA (CA-
MRSA) infections has further complicated the situation, as these strains
often possess additional virulence factors that enhance their pathoge-
nicity [74]. MRSA strains have evolved various mechanisms to evade the
host immune system, such as the production of protein A, which binds to
the Fc region of immunoglobulins and prevents opsonization [74].
Additionally, MRSA strains often carry genes encoding toxins, such as
Panton-Valentine leukocidin (PVL), which can cause severe tissue
damage and necrotizing pneumonia [73].

The emergence of VISA and VRSA strains has further compounded
the challenges in treating S. aureus infections. VISA strains have reduced
susceptibility to vancomycin, which is often considered a last-resort
antibiotic for treating MRSA infections. The reduced susceptibility is
attributed to the thickening of the bacterial cell wall, which hinders the
penetration of vancomycin [75]. VRSA strains, on the other hand, have
acquired the vanA gene from enterococci, which confers high-level
resistance to vancomycin [75]. The limited treatment options for VISA
and VRSA infections pose a significant threat to public health.

The host immune response to S. aureus infections involves both
innate and adaptive immunity. The innate immune system, comprising
neutrophils, macrophages, and antimicrobial peptides, plays a crucial
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role in the initial defense against S. aureus [73]. However, S. aureus has
developed various strategies to counteract the innate immune response,
such as the production of extracellular proteases that degrade antimi-
crobial peptides and the formation of biofilms that protect the bacteria
from phagocytosis [74].

The adaptive immune response, mediated by T and B lymphocytes, is
essential for the clearance of S. aureus infections. However, S. aureus has
evolved mechanisms to subvert the adaptive immune response, such as
the production of superantigens that cause a massive activation of T
cells, leading to a cytokine storm and tissue damage [74]. Additionally,
S. aureus can persist intracellularly within host cells, evading the hu-
moral immune response [73].

The increasing prevalence of antibiotic-resistant S. aureus strains,
particularly MRSA, VISA, and VRSA, has led to a growing interest in
alternative therapeutic approaches, such as bacteriophage therapy and
the use of nanoformulations for targeted drug delivery [73]. Bacterio-
phages are viruses that specifically infect and lyse bacterial cells,
providing a potential alternative to antibiotics. However, the develop-
ment of phage resistance and the challenges in delivering phages to the
site of infection remain hurdles to overcome [73].

The comparative analysis of different S. aureus strains highlights the
complex interactions between the bacteria and the host immune system.
The emergence of antibiotic-resistant strains, such as MRSA, VISA, and
VRSA, has made the treatment of S. aureus infections increasingly
challenging. A better understanding of the virulence factors and immune
evasion strategies employed by these strains is crucial for developing
effective therapeutic interventions. The exploration of alternative ap-
proaches, such as bacteriophage therapy and nanoformulations, holds
promise for tackling the growing threat of antibiotic-resistant S. aureus
infections.

3.2. S. aureus and MRSA evasion strategies

S. aureus, particularly MRSA, has evolved sophisticated strategies to
evade and manipulate the innate immune response, posing significant
challenges for the treatment and control of infections. One key mecha-
nism employed by S. aureus is the hijacking of host cell metabolism to
create a favorable environment for its survival and replication. In the
context of biofilm infections, S. aureus can induce a metabolic shift in
infiltrating monocytes and macrophages toward oxidative phosphory-
lation, skewing them to an anti-inflammatory phenotype [76]. This
metabolic reprogramming is mediated by biofilm-derived lactate, which
inhibits histone deacetylase 11 (HDAC11) in myeloid-derived suppres-
sor cells (MDSCs) and macrophages, leading to increased production of
the anti-inflammatory cytokine IL-10 and promoting biofilm persistence
[76]. By altering the metabolic state of innate immune cells, S. aureus
effectively impairs their ability to mount a robust immune response and
clear the infection.

In addition to manipulating host metabolism, S. aureus can directly
modulate the function of innate immune cells. A prime example is the
interaction between S. aureus a-toxin and macrophages. a-toxin acti-
vates the NLRP3 inflammasome in macrophages, triggering a cascade of
events that ultimately leads to the redistribution of mitochondria away
from phagosomes [77]. This spatial reorganization of mitochondria
prevents phagosomal acidification and impairs the macrophage’s ability
to kill internalized bacteria [77]. Furthermore, S. aureus biofilms can
skew the immune response towards an anti-inflammatory phenotype by
inducing the recruitment and activation of MDSCs [78]. These cells
suppress T-cell responses and contribute to biofilm persistence by
creating an immunosuppressive microenvironment [78]. The ability of
S. aureus to modulate innate immune cell function through various
mechanisms allows the pathogen to establish chronic infections and
evade clearance by the host immune system.

Neutrophils play a critical role in the host defense against S. aureus
infections; however, MRSA strains have developed strategies to evade
neutrophil-mediated killing. S. aureus can survive within neutrophils by

Journal of Medicine, Surgery, and Public Health 3 (2024) 100103

resisting the oxidative burst and secreting factors that neutralize anti-
microbial peptides [79]. This intracellular survival enables the bacteria
to disseminate and establish infections in distant sites. Moreover, MRSA
strains can induce the formation of neutrophil extracellular traps
(NETs), which are composed of DNA, histones, and antimicrobial pro-
teins [80]. While NETs are typically considered a host defense mecha-
nism, in the context of MRSA infections, they can paradoxically
contribute to disease pathogenesis by promoting tissue damage and
facilitating bacterial dissemination [80]. The ability of MRSA to
manipulate neutrophil function and survive within these cells is a crit-
ical factor in the persistence and severity of infections.

Biofilm formation is another major virulence factor of S. aureus,
particularly in the context of medical device-associated infections. Bio-
films are complex communities of bacteria encased in an extracellular
matrix that provides protection against the host immune response and
antibiotics [81]. The extracellular matrix of S. aureus biofilms acts as a
physical barrier, impeding the penetration of immune cells and anti-
bodies, while also sequestering antibiotics and reducing their efficacy
[81]. This protective environment allows bacteria to persist and cause
chronic infections that are extremely difficult to eradicate. The ability of
S. aureus to form biofilms on various surfaces, including medical devices
and damaged tissue, is a significant contributor to the morbidity and
mortality associated with these infections.

The immune evasion strategies employed by S. aureus, particularly
MRSA strains, pose significant challenges for the treatment and man-
agement of infections. The ability of MRSA to subvert the innate immune
response and form biofilms contributes to the persistence and recurrence
of infections, leading to increased healthcare costs and patient suffering
[76,77,81]. Furthermore, the emergence of multidrug-resistant MRSA
strains has severely limited treatment options, as conventional antibi-
otics become less effective [77]. This growing threat of antibiotic
resistance highlights the urgent need for novel therapeutic strategies
that target the innate immune response and bacterial metabolism.

To address these challenges, researchers are exploring immuno-
modulatory approaches aimed at boosting the innate immune response
and overcoming the immunosuppressive effects of MRSA. For example,
the use of Toll-like receptor (TLR) agonists or cytokine therapies could
potentially enhance the host’s ability to clear infections by stimulating
the production of pro-inflammatory mediators and activating innate
immune cells [77,78]. Additionally, targeting bacterial metabolic
pathways that are essential for virulence and survival, such as the agr
quorum-sensing system or the stringent response, could provide new
avenues for the development of anti-infective therapies [77,81]. By
disrupting these key metabolic pathways, it may be possible to render
MRSA more susceptible to the host immune response and antibiotics.

From a public health perspective, the increasing prevalence of CA-
MRSA infections is a growing concern. CA-MRSA strains are highly
virulent and can cause severe infections in otherwise healthy in-
dividuals, leading to significant morbidity and mortality [77]. To com-
bat the spread of MRSA in both healthcare and community settings, a
multi-faceted approach is necessary. This includes implementing strict
infection control practices, such as hand hygiene and environmental
cleaning, and developing effective antibiotic stewardship programs to
reduce the selective pressure for the emergence of resistant strains [77].
Public education on proper hygiene and wound care is also crucial,
particularly in high-risk populations such as athletes and individuals
living in close quarters.

The ability of S. aureus, especially MRSA strains, to evade and
manipulate the innate immune response through various mechanisms
presents significant challenges for treating and controlling infections.
The complex interplay between S. aureus and the host immune system
involves the hijacking of host metabolism, modulation of innate immune
cell function, evasion of neutrophil killing, and the formation of pro-
tective biofilms. These factors contribute to the persistence and recur-
rence of infections, leading to increased morbidity, mortality, and
healthcare costs. To effectively combat this formidable pathogen, a
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deeper understanding of the underlying mechanisms of immune evasion
is essential. This knowledge will inform the development of novel
therapeutic strategies, such as immunomodulatory therapies and tar-
geted inhibition of bacterial metabolic pathways, as well as guide public
health interventions to prevent the spread of MRSA in healthcare and
community settings. Only through a comprehensive and collaborative
approach involving basic research, clinical medicine, and public health
can we overcome the challenges posed by S. aureus and MRSA infections
in the era of increasing antibiotic resistance.

3.3. Challenges posed by antibiotic-resistant MRSA on healthcare and
community settings

The problems caused by S. aureus becoming more resistant to anti-
biotics, especially the appearance of dangerous and drug-resistant
strains like MRSA, are significant for people’s health. These implica-
tions extend to both healthcare and community settings, where MRSA
infections have become increasingly prevalent, leading to substantial
epidemiological, infection-control, and therapeutic management chal-
lenges [76]. Also,the fact that MRSA strains cause skin and skin structure
infections that come back often, even when specific antibodies and T
cells are present, shows that traditional adaptive immunity is ineffective
at protecting against infections. This is why targeted immunothera-
peutic strategies are needed to deal with the problem of MRSA [77].
More research needs to be done on how S. aureus and innate immunity
interact, focusing on immunometabolism and finding possible thera-
peutic targets [81]. Learning how skin-specific unsaturated fatty acids
boost the natural immune response against S. aureus shows that there
may be new ways to improve the host’s defense mechanisms [77]. In
general, to lessen the effects of these problems on people’s health, we
need to be proactive, use targeted immunotherapeutic strategies, keep
studying how S. aureus and innate immunity interact, and look for new
ways to boost the host’s defenses. These insights support the develop-
ment of targeted immunotherapeutic strategies to address the challenge
of MRSA infection [77]. MRSA has created significant epidemiological,
infection-control, and therapeutic management challenges during the
past three decades [76]. Additionally, the persistence, antibiotic toler-
ance, and immune avoidance of bacterial infections associated with
implanted medical devices exacerbate the healthcare crisis [79].

4. Strategies to enhance innate immunity

Over the years, MRSA has become a serious cause of hospital-
associated infections, with significantly high morbidity and mortality
rates [82]. Table 1. The central part of antimicrobial host response and
defense is macrophage function [83]. Macrophages release proin-
flammatory cytokines which activate diverse immune cells which help
to counter S. aureus. However, the excessive inflammatory response by
macrophages evoked by S. aureus, oftentimes results in tissue injury in
the host body [84]. With the evolution of challenges in innate immunity
against S. aureus, especially in the aspect of healthcare-associated in-
fections (HAI), requires a bold approach and innovation of strategies to
help toughen the body’s first line of defense against bacterial infection.

4.1. Implications for healthcare practices and future directions

The ability of Staphylococcus aureus to evade immunity significantly
contributes to the persistence of infections, elevating the risk of colo-
nization and transmission within healthcare settings [14]. Particularly
concerning is its propensity for hematogenous seeding, notably in
prosthetic valves, which contributes to healthcare-associated bacter-
emia and complicates treatment outcomes [111]. While many Staphy-
lococcus aureus infections are minor, a subset represents a significant risk
to patients, manifesting as severe cases such as bloodstream infections,
pneumonia, and bone or joint infections [112]. These severe infections
pose a direct threat to patient health, necessitating prompt and effective
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Table 1

Strategies to Enhance Innate Immunity.

Strategy

Mechanism

Potential
Effectiveness

1. Immunomodulatory
agents

1. Microbiome
modulation

1. Nanoparticles for
improving antibiotic
delivery.

1. Non-pharmacological
interventions

1. Targeted drug
approaches

Antimicrobial peptides
(AMP) are a vast collection
of peptides participating in
diverse aspects of innate
immunity [85-89]. They
exhibit a broad-spectrum
anti-microbial activity
against microorganisms,
including Gram-positives
like S. aureus and
gram-negative bacteria
[84].

Prebiotics and probiotics
shape the human
microbiome, influencing
innate immunity.
Lactobacilli co-colonization
dampens immune reactivity
[91].

Probiotics such as
lactobacilli mediate their
immune-modulatory effects
via inducing regulatory
cytokines like IL-10 [92,
93], inducing Treg-cells
[94-96], APC modulation
[97-99], epithelial
functioning and
development [99], and
pro-inflammatory cytokine
inhibition.

Nanoparticles enhance
antibiotic stability, delay
circulation time, increase
specificity at target sites,
and accumulate in infected
tissues, minimizing adverse
effects [100-102]. They
overcome bacterial
resistance by evading drug
degradation enzymes such
as beta-lactamase [103,
104], inhibiting efflux pump
[105,106], and penetrating
thick cell walls [106,107].

Hand hygiene, maintaining
a safe, clean, hygienic
hospital environment,
antibiotic stewardship,
public health surveillance
and following safety
guidelines [108,109].

Targeted drug approaches
specifically neutralize or
inhibit virulence factors and
disrupt biofilm formation of
S.aureus [110].

Ability to combat
antibiotic-resistant
infections such as
MRSA. However,
some bacteria have
developed resistance
mechanisms, such as
secreting proteases,
which can reduce the
effectiveness [90]

Modulating the
microbiome with
probiotics and
prebiotics hinders S.
aureus colonization
and enhances innate
immune response.
Probiotics inhibit
MRSA growth,
providing adjunct
therapy to antibiotics

Effective drug
delivery into cells or
tissues through a
sustained release
action makes its
therapeutic impact
more successful.

By evading
degradation enzymes
and inhibiting efflux
pumps, nanoparticles
improve drug delivery
and penetration,
possibly overcoming
the limitations of
standard antibiotics.
These interventions
offer a holistic
approach to prevent
and control
healthcare-associated
infections. Through
adherence and
observation,
transmission rates can
be reduced, leading to
improved patient
outcomes.

By neutralizing these
factors, targeted
drugs can reduce the
pathogenicity of S.
aureus, leading to
improved treatment
outcomes and
decreased severity of
infections

management strategies.

Impaired innate immunity against Staphylococcus aureus can lead to
broader-spectrum antibiotic usage, contributing to the emergence of
multidrug-resistant (MDR) strains [14]. The implementation of
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antibiotic stewardship programs assumes paramount importance in
advocating prudent antibiotic usage to curb resistance development
[113]. This entails adopting a three-pronged strategy, encompassing
judicious antibiotic selection, guided by strain specificity, and ensuring
the completion of treatment courses [114,115].

The potential for delayed diagnosis due to obscured symptoms and
the looming risk of treatment failure underscore the criticality of rapid
and accurate diagnostic methodologies [116,117]. Cutting-edge tech-
nologies such as the FDA-approved BinaxNow test offer promising av-
enues for swiftly identifying Staphylococcus aureus, facilitating targeted
treatment interventions and curtailing unnecessary broad-spectrum
antibiotic deployment [118].

Healthcare-associated infections (HAIs) and multidrug-resistant S
aureus infections impose a strain on healthcare resources, resulting in
treatment failures, complications, prolonged hospitalization periods,
and increased mortality rates [119,120]. Addressing this multifaceted
problem requires comprehensive strategies encompassing prevention,
diagnosis, and treatment.

The presence of multiple virulence factors in Staphylococcus aureus,
including staphylococcal protein A (SpA), poses challenges to the
development of an effective vaccine [121]. To control the spread of
Staphylococcus aureus, important measures such as regular handwash-
ing, proper use of personal protective equipment (PPE), and thorough
environmental cleaning are essential [122,123].

Researchers are exploring new possibilities for antibiotics to combat
Staphylococcus aureus by focusing on vulnerabilities like biofilm defenses
and toxin weapons [113,124]. The stimulation of the innate immune
system via immunomodulatory therapies emerges as a promising avenue
in fortifying natural defenses against Staphylococcus aureus infections
[125]. Despite the formidable challenges in devising a universal vaccine,
current research endeavors are directed towards the identification of
novel formulations capable of eliciting robust immune responses
tailored to combat specific strains [126,127]. Furthermore, the explo-
ration of monoclonal antibodies targeting virulence factors offers sup-
plementary pathways in mitigating bacterial burdens and curtailing
infection rates [128,129].

5. Conclusion

S aureus is a major pathogen involved in a wide range of human
infections including inflammatory diseases (skin and soft tissue in-
fections, pneumonia, osteomyelitis, urinary tract infections, medical
implant-associated infections), Toxin-mediated diseases (toxic shock
syndrome, scalded skin syndrome, rapid-onset food poisoning), and the
dreaded MRSA infection. It has significantly elevated the occurrence of
community and nosocomial infections due to its superfluous ability to
subvert the host’s innate immune system. These challenges also have
implications for healthcare practice, which mandates fully-formed
strategies around preventative infection control, judicious antibiotic
use, and early diagnosis. The ability of the bacteria to be spread hem-
atogenously and for treatment to be overly long and damaging reaffirms
that close surveillance is necessary to implement focus interventions. In
addition, this burden on the healthcare system demonstrates that pre-
ventative techniques must remain at the forefront, followed by new
technologies to treat and prevent. Enhancements in antibiotic therapy
and immunotherapeutic modalities offer promising avenues against
S. aureus infections. These measures emphasize the importance of
continued research and innovation in addressing these pressing
healthcare challenges.
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