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Abstract

:

Staphylococcus aureus (S. aureus) is a common pathogen that can cause many human diseases, such as skin infection, food poisoning, endocarditis, and sepsis. These diseases can be minor infections or life-threatening, requiring complex medical management resulting in substantial healthcare costs. Meanwhile, as the critically ignored “organ,” the intestinal microbiome greatly impacts physiological health, not only in gastrointestinal diseases but also in disorders beyond the gut. However, the correlation between S. aureus infection and intestinal microbial homeostasis is largely unknown. Here, we summarized the recent progress in understanding S. aureus infections and their interactions with the microbiome in the intestine. These summarizations will help us understand the mechanisms behind these infections and crosstalk and the challenges we are facing now, which could contribute to preventing S. aureus infections, effective treatment investigation, and vaccine development.
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1. Introduction


Staphylococcus aureus is a microbe carried by humans. It can cause minor, severe, or fatal infections under particular circumstances, such as minor skin and soft-tissue infections, food poisoning, and life-threatening diseases like bacteremia and infective endocarditis [1]. Moreover, it is one of the five most common causes of hospital-acquired infections and one of the primary causes of wound infections following endocarditis surgery [1,2]. S. aureus infections trigger the immune response, both innate and cell-mediated, activating numerous immune cells, such as monocytes, dendritic cells, and macrophages, and signaling pathways, such as Toll-like receptors (TLR-1, TLR-2, and TLR-6), interleukins (IL-4, IL-6, IL-10, and IL-13), chemokines (CXC ligand-1 and CXC ligand-2), and T-helper 1/2 [3]. Meanwhile, S. aureus colonizes around 20-30% of the human population persistently in the nose and frequently in other body sites like skin, throat, axillae, groin, and intestine [4,5]. As we delve deeper into understanding the intricate interplay between potential pathogens and the host microbiota, the significance of various commensal microbiota in influencing S. aureus colonization is becoming increasingly apparent. [5,6].



Our body harbors more microbial cells than human cells. They constitute our microbiota system, and their encoded genes are the microbiome. This complex ecological community is considered our “forgotten organ” nowadays. The microbiota in this system is most heavily colonized in the gastrointestinal tract and skin. It can significantly impact our health and physiology by interacting with each other and the host. The intestinal microbiome plays a critical role in numerous biological functions and activities, not only in digestion-related energy harvesting and storage and metabolic processes such as fermenting and absorbing undigested carbohydrates but also in modulating infections and activating the immune system [7,8]. With the increasing number of related studies, we will continue to learn more about the gut microbiome’s influence on other organs and tissues’ physiological functions and immunity far beyond the intestine [8,9,10,11].



The balance of the intestinal ecosystem is closely related to human and animal health. It has been widely reported that interactions among the intestinal microbiota are involved in the pathogenesis of inflammatory bowel diseases and other infections [12,13,14]. For instance, an oral infection of S. aureus could destroy the mouse-stable intestinal microbiota structure. However, these microbial alterations can be improved by treating with lactic acid bacteria, which play an essential role in maintaining the integrity of the gut mucosal barrier [15,16]. The impacts of the intestinal microbiota on S. aureus infections are also found in the other organs but with different influences and mechanisms, such as resistance to S. aureus pneumonia through Type 17 (Th17) cells in the gastrointestinal tract coated with segmented filamentous bacteria (sfb), and its contribution to the development of S. aureus-induced mastitis in mice by disrupting gut microbiota homeostasis, characterized by an increased abundance of pathogenic Enterobacter bacteria and a reduced abundance of short-chain fatty acid (SCFA)-producing bacterial phyla [17,18]. Gut microbial dysbiosis could cause dysfunctions of the intestinal mucosa barrier and other blood–tissue barriers, such as the blood-brain barrier (BBB) and blood-testis barrier (BTB). Their functional maintenance needs the gut microbiota, which could be influenced by the increased BBB and BTB permeability in germ-free mice [19,20]. Even though colonization of S. aureus in healthy adults did not significantly affect gut microbiota diversity, the alteration of the gut microbial composition and microenvironment could imbalance the mucosal barrier and local immune ability and then facilitate S. aureus colonization, leading to further dysfunction in the immune system and blood–tissue barriers in other locations of the body.



In this review, we summarized recent progress in understanding the interactions between S. aureus infections and the microbiome in the intestine. These summarizations will help us understand the mechanisms behind these interactions and the challenges we are facing now, which could contribute to preventing S. aureus infections, investigating effective treatment, and developing vaccines.




2. Staphylococcus aureus-caused Skin and Soft-Tissue Infections (SSTIs)


Staphylococcus aureus is a Gram-positive cocci-shaped species of bacteria in the Staphylococcaceae family. It is commonly found in the environment and the normal human microbial system, primarily on healthy skin and mucous membranes [21]. About 30% of humans carry S. aureus in their noses, which is mostly safe. Still, it can cause complications and severe infections in local organs and intestines, such as S. aureus infections on the skin and soft tissues, by entering the bloodstream and traveling to internal tissues [22].



Although S. aureus usually acts as part of the commensal microbiota, the emergence of antibiotic-resistant strains such as methicillin-resistant Staphylococcus aureus (MRSA) has become a global problem in clinical medicine. MRSA is a strain of S. aureus that has developed or acquired resistance to β-lactam antibiotics [23]. MRSA strains carry an antibiotic resistance gene, mecA, which allows them to stop β-lactam antibiotics from inactivating enzymes critical for cell wall synthesis [24]. MRSA has become the leading cause of skin and soft-tissue infections (SSTIs) in recent decades due to its emergence as a community-associated methicillin-resistant Staphylococcus aureus (CA-MRSA). However, it originally began as a hospital-acquired infection [1,25,26,27,28,29]. Recently, reports indicated that emergency department (ED) visits for SSTIs in the United States increased from 1.2 million in 1993 to 3.4 million in 2005 [30,31,32,33].



S. aureus SSTIs can range from benign, such as impetigo and uncomplicated cellulitis, to immediate and life-threatening. S. aureus is the most common pathogen isolated from surgical-site infections (SSIs), cutaneous abscesses, and purulent cellulitis [1]. Impetigo is the most common bacterial skin infection in children. It generally presents as bullous or popular abrasions on the face or extremities that progress to crusted lesions without any accompanying systemic symptoms [34]. Even though S. aureus purportedly causes a minority of non-purulent cellulitis cases, the true etiology of this condition is still unclear due to the lack of diagnostic gold standards and the variability of the methods introduced by different microbiological groups [35]. Moreover, SSIs occur in 2% to 5% of patients after surgery if the heterogeneity of the type of procedure, population studied, comorbid illness, surgeon experience, setting, and antimicrobial prophylaxis utilization were considered in the diagnosis [36]. The pathogenesis of S. aureus infections involves the whole immune system, in which neutrophil response is the primary defense against the bacteria by migrating to the infection site where S. aureus enters the skin. However, the pathogen could evade the immune response in several ways, such as blocking leukocytic chemotaxis, sequestering host antibodies, hiding from detection via polysaccharide capsules, or biofilm formation [1].



SSTI-induced immune responses are meticulously coordinated defense mechanisms engaged by innate and adaptive immune systems at various infection stages. Upon entry through exposed epithelial surfaces such as the skin, S. aureus engages with epithelial cells through a process primarily orchestrated by the Toll-like receptor (TLR)-2-mediated local production of soluble mediators, including cytokines, chemokines, and antimicrobial peptides. Following cell and tissue invasion, the transition to an inflammatory phase occurs, where intracellular microbial sensors and inflammasomes are activated for bacterial clearance. Concurrently, tissue-resident mast cells and macrophages work to recruit a suite of immune cells, including neutrophils, macrophages, and NK cells, fostering an inflammatory response that supports the generation of IL-17-producing NKT, γδ T-cells, and T-helper cells [37]. Antimicrobial peptides and pattern recognition receptors against SSTIs further bolster this innate immune response. Among these initial responses, the keratinocytes and neutrophils play a crucial role, while dendritic cells and T-lymphocytes provide a supporting role later in the infection [37]. Meanwhile, interleukin-17-producing T-cells emerge as pivotal players in the adaptive immune response to the S. aureus SSTIs, which has the potential therapeutic benefits in targeting these T-cells in SSTI patients [38,39] (Figure 1). On the other hand, S. aureus has crafted immune evasive strategies on the bacterial front, enabling them to elude protective immune responses in the host. These strategies encompass the secretion of specific products like staphylococcal protein A (SpA), staphylococcal binder of immunoglobulin (Sbi), and adenosine synthase A (AdsA), all aimed at thwarting the host’s immune system [40]. Moreover, S. aureus isolated from SSTIs was characterized by substantial molecular heterogeneity along with a high prevalence of Panton–Valentine leucocidin (PVL) genes, underscoring a genetic underpinning for the pathogenicity and immune interaction of the bacteria and host [41].



The skin and intestine maintain homeostasis and fight against pathogenic microbes by relying on multifaceted mechanisms. The skin is an active immune organ whose function is augmented by commensal microbiota on its physical barrier, formed by numerous layers of epidermal and dermal keratinocytes [42]. Like the skin, the intestine is filled with a distinct microbiota often recognized as an “ignored organ.” It is critical in maintaining health and defending against disease [8], including infections caused by S. aureus. To sustain host health, the skin and intestine must maintain homeostasis with the abundance and diversity of commensal organisms on their epithelial surface. The abundance and diversity of the microbiota in the skin and intestine can impact and shape host–microbe interactions, especially in neonatal and early life [43,44]. On the one hand, S. aureus infection in the skin could destroy microbial homeostasis by inhibiting colonization and contributing to dysbiosis [45]. Enriched S. aureus in the skin could further impact the abundance and diversity of the microbiota in the gastrointestinal tract through microbial translocation via the oral–fecal route and/or by microbial products in the bloodstream. Conversely, the cutaneous immune response to S. aureus involves innate and adaptive immune systems [38]. Activation of the immune system impacts intestinal immunity, which could have further implications on the microbial balance in the gut. Gut dysbiosis could significantly affect skin homeostasis, influencing the pathogenesis, symptoms, and prognosis of S. aureus infections. As one of the most common bacteria that causes breast infections and mastitis, S. aureus, colonized on the skin, can enter the body through a break in the skin, usually on the nipple [46]. These bacteria could relocate to the digestive system through the bloodstream and further impact intestinal microbial homeostasis. These interactions between the gut microbiota and S. aureus-caused mastitis were investigated with a mouse model. Increased blood–milk barrier permeability and mastitis severity were observed in mice with gut microbial dysbiosis compared to controls, and these effects could be reversed by feces microbiota transplantation (FMT). These effects were most likely regulated through short-chain fatty acids (SCFAs) for the administration of sodium propionate and sodium butyrate, and probiotics (butyrate-producing bacteria) could reverse the changes in the blood–milk barrier and reduce the severity of mastitis induced by S. aureus [18]. More specifically, cholic acid (CA) and deoxycholic acid (DCA) were involved in this gut microbiota-mediated process. These secondary bile acids alleviate S. aureus-induced mastitis through TGR5-cAMP-PKA-NF-κB/NLRP3 pathways in mice [47]. However, additional studies and research must be performed to investigate the mechanisms behind these hypotheses.




3. Staphylococcus aureus Caused Food Poisoning


Staphylococcal food poisoning (SFP) is widespread and is becoming one of the most common causes of foodborne disease, with the case number continuously increasing since it was first reported [48,49,50]. Staphylococcus spp. exotoxins, the primary food-poisoning agents, are a group of low-molecular-weight pyrogenic proteins grouped into three families depending on their amino acid sequence. These families include Staphylococcal enterotoxins (SEs), Staphylococcal enterotoxin-like (SEls), and the toxic shock syndrome toxin 1 (TSST-1) [48]. As a superfamily, the SEs have structural and functional similarities and possess potent super-antigenic activity, causing disruptions in adaptive immunity. They can be further separated into classical (SEA-SEE) and newer (SEG-SE/γ and counting) enterotoxin groups [50]. However, the categories of enterotoxins are complicated. By comparing their nucleotide and amino acid sequences using newly developed sequence technologies, the 24 currently identified SEs and SEls can be further divided into evolutionary groups: the SEA group with SEA, SED, SEE, SE/J, SHE, SEN, SEO, SEP and SES; the SEB group with SEB, SECs, SEG, SER, SE/U and SE/W; the SEI group with SEI, SEK, SEL, SEQ, SEM, and SE/V; and the SE/X group with TSST-1, SET, SE/X, SE/Y and members of another group of SEs called super-antigen-like toxins [50,51]. Therefore, it is not surprising how complex the network of regulatory pathways used by S. aureus is in controlling these toxin productions. It was suggested that a combination of quorum-sensing (QS) and other two-component systems (TCSs) and many trans-acting regulatory proteins is used by S. aureus to quickly make changes in the regulation of genes associated with important physiological features, including drug resistance metabolism, immune evasion, and virulence [52,53,54]. The accessory gene regulator (Agr) QS system is activated at high cell densities and comprises two transcriptional units transcribed in opposing directions: RNA-II codes for four genes—agrA, agrB, agrC, and agrD—and regulatory RNA RNA-III [50,55].



Meanwhile, SFP complexity is underscored due to the molecular heterogeneity observed in SFP outbreaks. In a reported and documented foodborne outbreak, a spectrum of enterotoxin genes, including seg, sei, sem, sen, seo, and selu, were identified in S. aureus isolated from both the contaminated food and affected patients, although there was an absence of classical SE production [56]. This variability of enterotoxin genes hints at a broader spectrum of immune interactions and responses in SFP outbreaks, which emphasizes the exigency for a deeper understanding of the molecular and immunological landscapes of SFP. Recently, the report of S. aureus as one of the commonest agents of foodborne diseases due to its enterotoxins highlights the importance of the molecular epidemiological characterization of S. aureus in understanding the dynamics and spread of SFP [57]. Moreover, the heat-stable nature of these enterotoxins, particularly SEs, makes them resilient to food processing and cooking temperatures, posing a significant challenge in controlling SFP [58].



In addition to coagulase-negative strains, which are considered non-pathogenic, different Staphylococcal species can produce an array of exotoxins that trigger diverse response pathways in infection. For SEs, picomolar concentrations can cause toxic shock syndrome, fever, hypotension, and multi-organ failure [59,60]. These toxins cause emesis and are resistant to heat, acidity, and hydrolysis, mediated by most proteolytic enzymes. In addition, SEs can cause the aberrant activation of the immune system by non-specifically interacting with T-cells and macrophages, resulting in T-cell activation and increased cytokine release [48,61,62]. Meanwhile, SEIs are capable of general immunomodulation and can induce neither emesis nor T-cell activation [60,63]. TSST-1, similar to SEs, can directly activate macrophages and T-cells [60].



Unlike conventional antigens, SEs bridge antigen-presenting cells (APCs) and T-cells by activating the T-cells independently from antigen processing and presentation to the T-cells by APCs [50]. Typically, SEs first bind to the major histocompatibility complex (MHC) class II molecules located on APCs and one or more variable beta chains (Vβ) of T-cell receptors (TCRs) coordinately [64,65]. However, other receptors have been described as involved in this process, such as the variable alpha (Vα) chain targeted by SHE [66]. Moreover, the maximal super-antigenic activity of SEB needs additional co-stimulatory receptors on T-cells (CD28) and APCs (B7-2) [67,68]. SE activity is characterized by polyclonal activation of a large pool of CD4+ and CD8+ cells regardless of the mechanism of cross-linking, followed by a massive release of an assortment of T-helper 1 (Th1) cytokines, like tumor necrosis factor (TNF) α, interleukin 1 (IL-1), IL-2, and interferon (IFN) γ [69,70,71,72]. Moreover, a list of immune cell types has been recognized to be targeted by the SEs directly or indirectly, including neutrophils, γδ T-cells, invariant natural killer T (iNKT)-cells, B-cells, mast cells, and mucosa-associated invariant T (MAIT)-cells [73,74,75,76,77,78] (Figure 1).



Staphylococcal exotoxins have huge influences on the digestive tract. Staphylococcal exotoxins can cause cytotoxicity in intestinal cells, resulting in gastroenteritis, vomiting, and gastric inflammation [61]. Reports indicate that SEs have an affinity for intestinal epithelial cells and mucus-producing goblet cells, which can be used as gateways to traffic across the intestinal epithelia to reach their final targets in other body parts [79,80,81]. These findings were also confirmed with mouse models, in which S. aureus infection induced damage in the small intestine and disrupted host structures essential for epithelial integrity [82]. The intestinal epithelial cell barrier is the first line of defense against pathogenic organisms and is critical for maintaining microbial homeostasis. Goblet cells are the primary producers of mucins, and their secreted proteins protect the intestinal epithelial lining [83]. Notably, it is thought that the movement of these enterotoxins through gut epithelial cells was a glycolipid-dependent transcytosis process that may be facilitated in the presence of other staphylococcal virulence determinants [84]. These goblet and intestinal epithelial cells are often targeted by SEs, suggesting that S. aureus infections may cause permanent damage to the intestinal epithelium and alter the microbiota, which could increase the host's sensitivity to SEs in the future. The chronic microbial imbalance caused by S. aureus could further impact physiological health and organs beyond the gut. More studies are needed to determine the potential future impacts of these influences.



The crosstalk between S. aureus and host intestinal cells, especially intestinal epithelial cells, has been reported. Not surprisingly, S. aureus infections can alter the overall structure of the intestine microbiota and the microbial metabolic profiles by damaging the intestinal epitheliums and/or through the bacterial products. For example, in S. aureus-infected colonic Caco-2 cells, a significant decrease in the localization and specific hydrolytic activities of SI (sucrase–isomaltase) toward sucrose and isomaltose (palatinose) was observed in the BBMs (brush border membranes) (P2 fraction) 48 hours post-infection. The specific SI activities increased in the basolateral membrane/intracellular fraction (P1) [85]. Moreover, it seems like S. aureus can compromise colonization resistance by the colonic microbiota because a number of S. aureus cells stabilized until they were washed out, while populations of indigenous bacteria were transiently altered [86]. Luckily, these alterations of microbial dysbiosis and the colonization of S. aureus could be reversed and blocked by treating them with probiotics or their products. For instance, the B. subtilis probiotic could eliminate more than 95% of the total S. aureus colonized in the human body [87]. The mixed lactic acid bacteria could retain an intestinal microbiota composition similar to the control group with the most abundant taxa of Bacteroidales, Lachnospiraceae, Bacteroides, and Prevotellaceae [16]. One potential pathway could be regulating intestinal barrier function through CYP1A1 (cytochrome P4501A1). It was reported that mice with a dysfunction of this pathway showed an altered gut microbiome, a reduced metabolic shift from lysine to cadaverine, antimicrobial molecular production (Retnlb, Gbp7, and Gbp3), and protection against gut barrier disruption from MRSA challenge [88].




4. Staphylococcus aureus Caused Bacteremia


Bacteremia is perhaps the best-described manifestation of S. aureus infection to date. Staphylococcus aureus bacteremia (SAB), caused by S. aureus, the second-most isolated pathogen in the hospital inpatient setting, requires complex medical management, resulting in substantial healthcare costs [89,90]. Most nosocomial and community-acquired SAB is secondary to MRSA and is associated with a high mortality rate and increased hospital stay [91]. In the USA, S. aureus caused 13.2% of nosocomial bacteremia between 2011 and 2014 [89,90]. It also affects 10 to 30 people per 100,000 annually in the industrialized world [92].



Although the mechanisms of SAB are largely unknown, the high-risk factors for SAB development are age (infants and seniors), additional comorbidities (diabetes, renal disease, AIDS), the presence of in-dwelling medical devices, intravenous drug use, and low socioeconomic status [93]. Patients with dermal S. aureus infection can develop SAB. The dermal mode of infection is a standard entry mechanism for S. aureus to infect deeper tissues and the bloodstream [94,95]. SAB can lead to sepsis, a paradoxical immunosuppressive response that is occasionally concurrent with inflammation. This general scheme of sepsis could be caused by the multiple virulence mechanisms of S. aureus, including directly targeting specific immune responses or utilizing the host’s coagulation system to bind to the endothelium [96]. Moreover, reports indicate that SAB can also cause endocarditis [96].



The pathogenesis of SAB is a complex interplay between the pathogen and the immune system of its host. S. aureus can enter the bloodstream and evade the host’s immune responses through its arsenal of virulence factors, such as various toxins and super-antigens [97]. These virulence factors can directly target immune cells or exploit host immune systems, which could cause a systemic inflammatory response that leads to severe conditions like sepsis or endocarditis, as we mentioned above [97]. Among critically ill patients, sepsis is a leading cause of death in the early disease course as a result of a dysregulated proinflammatory phase (systemic inflammatory response syndrome [SIRS]) characterized by high levels of IL-1β, TNF-α, and monocytes expressed with human leukocyte antigen (HLA)-DR, or of a later predominating immunosuppressive recovery phase (compensatory anti-inflammatory response syndrome [CARS]) characterized by anti-inflammatory IL-10 and monocytes with reduced expression of HLA-DR [98,99]. Moreover, T-helper cells, such as Th1 and Th17, have been reported to be critical in patients infected with S. aureus [100,101] (Figure 1).



The gastrointestinal tract may be another location for S. aureus to enter the bloodstream and disturb gut microbial homeostasis. Immunodeficiency caused by other risk factors, such as inflammatory bowel disease (IBD), diabetes, HIV infections, and food poisoning of S. aureus, can impair the intestinal protective barrier, allowing pathogens to permeate the gut epithelium and enter the bloodstream. Reversely, when patients develop SAB, which leads to sepsis and damage to the immune system, it can impact intestinal function and microbial balance in the gut lumen. These imbalances can be supported by the adherence of S. aureus to human intestinal mucus [102] and alterations of the microbial diversity in the gut caused by the colonization of S. aureus [103]. This also suggested that the integrity of the gut epithelial layer, rather than the pathogenic potential of the investigated enteric S. aureus isolates compared to the bloodstream, determines whether staphylococci from the gut microbiome will become invasive pathogens [104]. The rise and persistence of mutations altering virulence and antibiotic susceptibility during S. aureus bacteremia, intestinal dissemination, and transmission were linked to the production of virulence factors based on gene deletion studies of the sae and agr two-component systems [105].




5. Staphylococcus aureus Caused Endocarditis


Historically thought to be caused by viridians streptococci, S. aureus is the worldwide leading cause of infective endocarditis (IE) [1,93]. Moreover, S. aureus has become increasingly problematic for IE due to its propensity to cause severe diseases and frequent antibiotic resistance. The proportion of S. aureus prosthetic valve endocarditis (PVE), one of the most morbid bacterial infections, has grown in recent decades due to methicillin-resistant S. aureus (MRSA) [106]. Although the frequency is relatively low and related studies are limited, IE has been well studied by extensive multinational collaborations, such as the International Collaboration on Endocarditis Prospective Cohort Study (ICE-PCS). In addition, robust population-level studies have provided critical insights into the epidemiology and prognosis of IE and S. aureus-induced IE [1,93,107,108]. Therefore, we now know that S. aureus endocarditis (SAE) is one of the most severe manifestations or complications of S. aureus infections and is associated with more severe IE than is demonstrated by other bacterial pathogens [93,109]. Although reports indicate lower fatality rates, SAE is generally associated with 20-30% in-hospital mortality [93,110].



Bacterial colonization and infection begin with damage to the cardiac endothelium by formatting a nidus. Then, the production of extracellular matrix proteins, tissue factors, and deposition of fibrin and platelets to form sterile vegetations was elicited by the exposed subendothelial cells [111]. Meanwhile, reports show that S. aureus has several cell wall-associated factors that allow it to attach to extracellular matrix proteins, fibrin, and platelets [1]. For instance, clumping factors A and B (ClfA and ClfB) are essential for the attachment to and colonization of the valvular tissue. At the same time, fibronectin-binding proteins A and B (FnBPA and FnBPB) could facilitate binding to fibrinogen and fibronectin and play a critical role in subsequent endothelial invasion and inflammation [112,113].



As a severe cardiac condition, IE is characterized by the formation of an infected blood clot or vegetation attached to a cardiac valve accompanied by inflammation and valve destruction [114]. These clots, formed by the interaction of S. aureus with platelets (platelet-fibrin clots), shield the bacteria from host immune cells and help them stay amply within heart tissue, leading to endocarditis [115]. One of the mechanisms is through surface proteins and adhesins. The combination of S. aureus protein A (SpA) and the Fc region of antibodies prevents the opsonization of S. aureus, thereby inhibiting immune cell phagocytosis [116]. Meanwhile, clumping factors (ClfA and ClfB) and fibronectin-binding protein A (FnbpA) play a pivotal role in the adherence of S. aureus to fibrinogen and platelets. This adherence promotes the bacterial colonization of heart valves and leads to bacterial vegetation in endocarditis [117,118]. Moreover, neutrophils, a type of white blood cell that serves as the body’s first line of defense against bacteria invasions, have been found to play an essential role in the context of IE. They detect and swiftly engulf S. aureus through neutralization with a lethal cocktail of antimicrobial enzymes and reactive oxygen species inside neutrophils and neutrophil extracellular trap (NET) web-like structures [114,118]. Meanwhile, the expression of immune evasion proteins, like chemotaxis inhibitory proteins of S. aureus (CHIPS) and staphylococcal complement inhibitor (SCIN), is the basement for other reported mechanisms, to avoid the attack of the complement system [119]. One of the critical aspects of IE is the variable and complex host immune alterations, which are strongly regulated by the bacterial cell itself, the bacterial virulence profile, and certain host circumstances of the host immune environment, the factors of which are largely unknown [120,121,122] (Figure 1).



Using next-generation sequencing, Di Bella et al. found bacterial DNA sequences in the aortic/mitral valves from patients having either evidence or history of infectious diseases, particularly infective endocarditis [123]. This finding highlights bacterial colonization in the cardiac valves. As a complex entity with rapid evolution in the nosocomial environment and a commensal bacterium inhabiting the human gastrointestinal tract, Enterococcus faecalis is the causative agent for EFIE (Enterococcus faecalis infective endocarditis) [124]. A report recently indicated the possible association between Enterococcus faecalis endocarditis and colorectal neoplasms [125]. Enterococci display an array of defensive strategies in addition to alterations in the gut microbiome that might lead to poor outcomes, like systemic immune changes and bacterial translocation from the gut to the heart.




6. Intestinal Microbial Alterations in S. aureus Infections


We discussed above the importance of the gut microbiome in regulating health and diseases when it is in homeostasis status. This is mainly based on microbial diversity and abundance in the intestine. When pathogenic infections happen, including S. aureus infections, the microbial balance could be destroyed in both in situ infections and organs/tissues far away, such as the intestine. It has been demonstrated that microbial community changes in the feces of cows with mastitis caused by S. aureus were similar to those in milk, characterized by an increased abundance of Enterococcus, Streptococcus, and Staphylococcus and a decreased abundance of Lactobacillus [126]. Similarly, in a murine mastitis model induced by S. aureus, the abundance of pathogenic Enterobacter bacteria increased, while short-chain fatty acid (SCFA)-producing bacteria Firmicutes and Bacteroidetes were discovered to decrease [18]. Moreover, humans carrying methicillin-sensitive S. aureus (MSSA) exhibited a higher proportion of Parasutterella and Klebsiella but a lower abundance of Bacteroides [103]. Consistent with this, a significant, transient decrease in the numbers of Bacteroides, Bifidobacterium, and Lactobacillus/Enterococcus after inoculation of S. aureus was found in an in vitro colonic model system to mimic infection in vivo [86]. Moreover, butyric acid, one of the critical short-chain fatty acids (SCFAs), was significantly decreased due to S. aureus infection, which strongly supported the importance of intestinal SCFA-producing bacteria in S. aureus infection [86]. As the intestinal microbiota includes bacteria, viruses, fungi, archaea, and other organisms, more studies should be performed to study the impacts of S. aureus infections on other microorganisms in the gut.




7. Preventive and Treatable Strategies


S. aureus infections such as SFP, SAB, and SAE are generally recognized as acute diseases. The acuteness of their conditions may be the reason for the limited studies on the interactions between the gastrointestinal microbiota and S. aureus infection (Figure 2). However, research demonstrates that S. aureus could adhere to human intestinal mucus [102], and its colonization could impact gut microbial ecology in both human and mouse models [16,86,103]. All these studies highlight the critical role of S. aureus in intestinal microbial homeostasis. The dysbiosis of S. aureus and other microbiota in the intestine could lead to functional issues in the intestinal immune system, which could further impact the whole immune status or bacterial translocation from the gut to other tissues or organs through the bloodstream. Therefore, an alternative and promising approach to therapeutic development should focus on maintaining gut microbial homeostasis through prebiotics, bacterial peptides, or fecal microbiota transplantation (FMT), further limiting susceptibility to S. aureus infection.



Short-chain fatty acids (SCFAs), mainly acetic acid, propionic acid, and butyric acid, are a group of bacterial metabolites produced by specific bacteria in the intestinal tract [127]. As discussed above, SCFAs play a critical role in S. aureus infections. Treatments of sodium propionate, sodium butyrate, and probiotics (butyrate-producing bacteria) could reverse the changes in the blood–milk barrier and reduce the severity of mastitis induced by S. aureus in a mouse model [18]. SCFAs have been found to have multiple effects on both the local intestine and more distal organs, e.g., the brain [127]. Using SCFAs as a potential treatment for or the prevention of S. aureus infections is more than possible.



The other potential therapeutic methods for S. aureus infections could be probiotics, which have been used to enhance body immunity, improve digestive system health, and prevent/treat multiple diseases. It has been reported that treatment with mixed lactic acid bacteria could prevent S. aureus infection in mice and improve the structure of the intestinal microbiota destroyed by S. aureus infection [16]. Encouragingly, a clinical trial on S. aureus-colonized participants demonstrated that Bacillus subtilis probiotics could eliminate more than 95% of the colonized S. aureus from the human body without altering the intestinal microbiota [87].



Fecal microbiota transplantation (FMT), a therapy being rapidly accepted that has gained increased interest recently, could also be used for S. aureus infections since it has been recommended for conditions like autoimmune disorders, certain allergic diseases, and metabolic disorders that are not intestinal diseases [128]. It has been found to mediate the protective role in endometritis and mastitis induced by S. aureus in mice [18,129]. It could also restore the dysbiosis caused by MRSA in patients with enterocolitis [130]. All these factors indicate the high possibility of FMT being used as a therapy for S. aureus infections.
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Abbreviations




	SSTIs
	Staphylococcus aureus-caused skin and soft-tissue infection



	MRSA
	Methicillin-resistant Staphylococcus aureus



	CA-MRSA
	Community-associated methicillin-resistant Staphylococcus aureus



	SSIs
	Surgical-site infections



	SFP
	Staphylococcal food poisoning



	SE
	Staphylococcal enterotoxins



	SEI
	Staphylococcal enterotoxin-like



	SAB
	Staphylococcus aureus bacteremia



	IBD
	Inflammatory bowel disease



	IE
	Infective endocarditis



	SAE
	S. aureus endocarditis



	TNF
	Tumor necrosis factor



	IL
	Interleukins



	NK-cells
	Natural killer cells



	TLR
	Toll-like receptor



	MCP-1
	Monocyte chemoattractant protein-1



	VCAM
	Vascular cell adhesion molecule



	ICAM
	Intercellular cell adhesion molecule







References


	



Tong, S.Y.; Davis, J.S.; Eichenberger, E.; Holland, T.L.; Fowler, V.G., Jr. Staphylococcus aureus infections: Epidemiology, pathophysiology, clinical manifestations, and management. Clin. Microbiol. Rev. 2015, 28, 603–661. [Google Scholar] [CrossRef]

	



Pal, S.; Sayana, A.; Joshi, A.; Juyal, D. Staphylococcus aureus: A predominant cause of surgical site infections in a rural healthcare setup of Uttarakhand. J. Family Med. Prim. Care 2019, 8, 3600–3606. [Google Scholar] [CrossRef]

	



Shukla, S.K.; Rose, W.; Schrodi, S.J. Complex host genetic susceptibility to Staphylococcus aureus infections. Trends Microbiol. 2015, 23, 529–536. [Google Scholar] [CrossRef]

	



Wertheim, H.F.; Melles, D.C.; Vos, M.C.; van Leeuwen, W.; van Belkum, A.; Verbrugh, H.A.; Nouwen, J.L. The role of nasal carriage in Staphylococcus aureus infections. Lancet Infect. Dis. 2005, 5, 751–762. [Google Scholar] [CrossRef] [PubMed]

	



Howden, B.P.; Giulieri, S.G.; Wong Fok Lung, T.; Baines, S.L.; Sharkey, L.K.; Lee, J.Y.H.; Hachani, A.; Monk, I.R.; Stinear, T.P. Staphylococcus aureus host interactions and adaptation. Nat. Rev. Microbiol. 2023, 21, 380–395. [Google Scholar] [CrossRef] [PubMed]

	



Krismer, B.; Weidenmaier, C.; Zipperer, A.; Peschel, A. The commensal lifestyle of Staphylococcus aureus and its interactions with the nasal microbiota. Nat. Rev. Microbiol. 2017, 15, 675–687. [Google Scholar] [CrossRef] [PubMed]

	



Song, M.; Chan, A.T.; Sun, J. Influence of the Gut Microbiome, Diet, and Environment on Risk of Colorectal Cancer. Gastroenterology 2020, 158, 322–340. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Xia, Y.; Sun, J. Breast and gut microbiome in health and cancer. Genes Dis. 2020, 8, 581–589. [Google Scholar] [CrossRef] [PubMed]

	



Brestoff, J.R.; Artis, D. Commensal bacteria at the interface of host metabolism and the immune system. Nat. Immunol. 2013, 14, 676–684. [Google Scholar] [CrossRef] [PubMed]

	



Ruff, W.E.; Kriegel, M.A. Autoimmune host-microbiota interactions at barrier sites and beyond. Trends Mol. Med. 2015, 21, 233–244. [Google Scholar] [CrossRef]

	



Sommer, F.; Backhed, F. The gut microbiota--masters of host development and physiology. Nat. Rev. Microbiol. 2013, 11, 227–238. [Google Scholar] [CrossRef] [PubMed]

	



Elson, C.O.; Cong, Y. Host-microbiota interactions in inflammatory bowel disease. Gut Microbes 2012, 3, 332–344. [Google Scholar] [CrossRef] [PubMed]

	



Frank, D.N.; St Amand, A.L.; Feldman, R.A.; Boedeker, E.C.; Harpaz, N.; Pace, N.R. Molecular-phylogenetic characterization of microbial community imbalances in human inflammatory bowel diseases. Proc. Natl. Acad. Sci. USA 2007, 104, 13780–13785. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Zhang, Y.; Xia, Y.; Sun, J. Imbalance of the intestinal virome and altered viral-bacterial interactions caused by a conditional deletion of the vitamin D receptor. Gut Microbes 2021, 13, 1957408. [Google Scholar] [CrossRef] [PubMed]

	



Ren, D.; Gong, S.; Shu, J.; Zhu, J.; Rong, F.; Zhang, Z.; Wang, D.; Gao, L.; Qu, T.; Liu, H.; et al. Mixed Lactobacillus plantarum Strains Inhibit Staphylococcus aureus Induced Inflammation and Ameliorate Intestinal Microflora in Mice. Biomed Res. Int. 2017, 2017, 7476467. [Google Scholar] [CrossRef] [PubMed]

	



Ren, D.; Gong, S.; Shu, J.; Zhu, J.; Liu, H.; Chen, P. Effects of mixed lactic acid bacteria on intestinal microbiota of mice infected with Staphylococcus aureus. BMC Microbiol. 2018, 18, 109. [Google Scholar] [CrossRef]

	



Gauguet, S.; D’Ortona, S.; Ahnger-Pier, K.; Duan, B.; Surana, N.K.; Lu, R.; Cywes-Bentley, C.; Gadjeva, M.; Shan, Q.; Priebe, G.P.; et al. Intestinal Microbiota of Mice Influences Resistance to Staphylococcus aureus Pneumonia. Infect. Immun. 2015, 83, 4003–4014. [Google Scholar] [CrossRef]

	



Hu, X.; Guo, J.; Zhao, C.; Jiang, P.; Maimai, T.; Yanyi, L.; Cao, Y.; Fu, Y.; Zhang, N. The gut microbiota contributes to the development of Staphylococcus aureus-induced mastitis in mice. ISME J. 2020, 14, 1897–1910. [Google Scholar] [CrossRef]

	



Al-Asmakh, M.; Stukenborg, J.B.; Reda, A.; Anuar, F.; Strand, M.L.; Hedin, L.; Pettersson, S.; Söder, O. The gut microbiota and developmental programming of the testis in mice. PLoS ONE 2014, 9, e103809. [Google Scholar] [CrossRef]

	



Braniste, V.; Al-Asmakh, M.; Kowal, C.; Anuar, F.; Abbaspour, A.; Tóth, M.; Korecka, A.; Bakocevic, N.; Ng, L.G.; Kundu, P.; et al. The gut microbiota influences blood-brain barrier permeability in mice. Sci. Transl. Med. 2014, 6, 263ra158. [Google Scholar] [CrossRef]

	



Taylor, T.A.; Unakal, C.G. Staphylococcus aureus Infection; StatPearls Publishing LLC.: Treasure Island, FL, USA, 2020. [Google Scholar]

	



Parlet, C.P.; Brown, M.M.; Horswill, A.R. Commensal Staphylococci Influence Staphylococcus aureus Skin Colonization and Disease. Trends Microbiol. 2019, 27, 497–507. [Google Scholar] [CrossRef] [PubMed]

	



Rasigade, J.-P.; Vandenesch, F. Staphylococcus aureus: A pathogen with still unresolved issues. Infect. Genet. Evol. 2014, 21, 510–514. [Google Scholar] [CrossRef] [PubMed]

	



Wielders, C.L.C.; Fluit, A.C.; Brisse, S.; Verhoef, J.; Schmitz, F.J. mecA gene is widely disseminated in Staphylococcus aureus population. J. Clin. Microbiol. 2002, 40, 3970–3975. [Google Scholar] [CrossRef] [PubMed]

	



DeLeo, F.R.; Otto, M.; Kreiswirth, B.N.; Chambers, H.F. Community-associated meticillin-resistant Staphylococcus aureus. Lancet 2010, 375, 1557–1568. [Google Scholar] [CrossRef] [PubMed]

	



Otto, M. Community-associated MRSA: What makes them special? Int. J. Med. Microbiol. 2013, 303, 324–330. [Google Scholar] [CrossRef]

	



Mediavilla, J.R.; Chen, L.; Mathema, B.; Kreiswirth, B.N. Global epidemiology of community-associated methicillin resistant Staphylococcus aureus (CA-MRSA). Curr. Opin. Microbiol. 2012, 15, 588–595. [Google Scholar] [CrossRef] [PubMed]

	



Morgan, M. Treatment of MRSA soft tissue infections: An overview. Injury 2011, 42, S11–S17. [Google Scholar] [CrossRef]

	



Mitevska, E.; Wong, B.; Surewaard, B.G.J.; Jenne, C.N. The Prevalence, Risk, and Management of Methicillin-Resistant Staphylococcus aureus Infection in Diverse Populations across Canada: A Systematic Review. Pathogens 2021, 10, 393. [Google Scholar] [CrossRef]

	



Edelsberg, J.; Taneja, C.; Zervos, M.; Haque, N.; Moore, C.; Reyes, K.; Spalding, J.; Jiang, J.; Oster, G. Trends in US hospital admissions for skin and soft tissue infections. Emerg. Infect. Dis. 2009, 15, 1516–1518. [Google Scholar] [CrossRef]

	



Frei, C.R.; Makos, B.R.; Daniels, K.R.; Oramasionwu, C.U. Emergence of community-acquired methicillin-resistant Staphylococcus aureus skin and soft tissue infections as a common cause of hospitalization in United States children. J. Pediatr. Surg. 2010, 45, 1967–1974. [Google Scholar] [CrossRef]

	



Hersh, A.L.; Chambers, H.F.; Maselli, J.H.; Gonzales, R. National trends in ambulatory visits and antibiotic prescribing for skin and soft-tissue infections. Arch. Intern. Med. 2008, 168, 1585–1591. [Google Scholar] [CrossRef]

	



Pallin, D.J.; Egan, D.J.; Pelletier, A.J.; Espinola, J.A.; Hooper, D.C.; Camargo, C.A., Jr. Increased US emergency department visits for skin and soft tissue infections, and changes in antibiotic choices, during the emergence of community-associated methicillin-resistant Staphylococcus aureus. Ann. Emerg. Med. 2008, 51, 291–298. [Google Scholar] [CrossRef]

	



Bangert, S.; Levy, M.; Hebert, A.A. Bacterial resistance and impetigo treatment trends: A review. Pediatr. Dermatol. 2012, 29, 243–248. [Google Scholar] [CrossRef]

	



Chambers, H.F. Cellulitis, by any other name. Clin. Infect. Dis. 2013, 56, 1763–1764. [Google Scholar] [CrossRef]

	



Lewis, S.S.; Moehring, R.W.; Chen, L.F.; Sexton, D.J.; Anderson, D.J. Assessing the relative burden of hospital-acquired infections in a network of community hospitals. Infect. Control Hosp. Epidemiol. 2013, 34, 1229–1230. [Google Scholar] [CrossRef]

	



Bekeredjian-Ding, I.; Stein, C.; Uebele, J. The Innate Immune Response Against Staphylococcus aureus. In Staphylococcus aureus: Microbiology, Pathology, Immunology, Therapy and Prophylaxis; Bagnoli, F., Rappuoli, R., Grandi, G., Eds.; Springer International Publishing: Cham, Switzerland, 2017; pp. 385–418. [Google Scholar]

	



Krishna, S.; Miller, L.S. Innate and adaptive immune responses against Staphylococcus aureus skin infections. Semin. Immunopathol. 2012, 34, 261–280. [Google Scholar] [CrossRef]

	



Lacey, K.A.; Geoghegan, J.A.; McLoughlin, R.M. The Role of Staphylococcus aureus Virulence Factors in Skin Infection and Their Potential as Vaccine Antigens. Pathogens 2016, 5, 22. [Google Scholar] [CrossRef] [PubMed]

	



Kim, H.K.; Thammavongsa, V.; Schneewind, O.; Missiakas, D. Recurrent infections and immune evasion strategies of Staphylococcus aureus. Curr. Opin. Microbiol. 2012, 15, 92–99. [Google Scholar] [CrossRef] [PubMed]

	



Yao, D.; Yu, F.Y.; Qin, Z.Q.; Chen, C.; He, S.S.; Chen, Z.Q.; Zhang, X.Q.; Wang, L.X. Molecular characterization of Staphylococcus aureus isolates causing skin and soft tissue infections (SSTIs). BMC Infect. Dis. 2010, 10, 133. [Google Scholar] [CrossRef] [PubMed]

	



Coates, M.; Lee, M.J.; Norton, D.; MacLeod, A.S. The Skin and Intestinal Microbiota and Their Specific Innate Immune Systems. Front. Immunol. 2019, 10, 2950. [Google Scholar] [CrossRef] [PubMed]

	



Bosman, E.S.; Albert, A.Y.; Lui, H.; Dutz, J.P.; Vallance, B.A. Skin Exposure to Narrow Band Ultraviolet (UVB) Light Modulates the Human Intestinal Microbiome. Front. Microbiol. 2019, 10, 2410. [Google Scholar] [CrossRef] [PubMed]

	



Salem, I.; Ramser, A.; Isham, N.; Ghannoum, M.A. The Gut Microbiome as a Major Regulator of the Gut-Skin Axis. Front. Microbiol. 2018, 9, 1459. [Google Scholar] [CrossRef] [PubMed]

	



Byrd, A.L.; Belkaid, Y.; Segre, J.A. The human skin microbiome. Nat. Rev. Microbiol. 2018, 16, 143–155. [Google Scholar] [CrossRef] [PubMed]

	



Linz, M.S.; Mattappallil, A.; Finkel, D.; Parker, D. Clinical Impact of Staphylococcus aureus Skin and Soft Tissue Infections. Antibiotics 2023, 12, 557. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, C.; Wu, K.; Hao, H.; Zhao, Y.; Bao, L.; Qiu, M.; He, Y.; He, Z.; Zhang, N.; Hu, X.; et al. Gut microbiota-mediated secondary bile acid alleviates Staphylococcus aureus-induced mastitis through the TGR5-cAMP-PKA-NF-κB/NLRP3 pathways in mice. NPJ Biofilms Microbiomes 2023, 9, 8. [Google Scholar] [CrossRef] [PubMed]

	



Hennekinne, J.A.; De Buyser, M.L.; Dragacci, S. Staphylococcus aureus and its food poisoning toxins: Characterization and outbreak investigation. FEMS Microbiol. Rev. 2012, 36, 815–836. [Google Scholar] [CrossRef] [PubMed]

	



Mourenza, Á.; Gil, J.A.; Mateos, L.M.; Letek, M. Novel Treatments and Preventative Strategies Against Food-Poisoning Caused by Staphylococcal Species. Pathogens 2021, 10, 91. [Google Scholar] [CrossRef]

	



Fisher, E.L.; Otto, M.; Cheung, G.Y.C. Basis of Virulence in Enterotoxin-Mediated Staphylococcal Food Poisoning. Front. Microbiol. 2018, 9, 436. [Google Scholar] [CrossRef]

	



Ono, H.K.; Sato’o, Y.; Narita, K.; Naito, I.; Hirose, S.; Hisatsune, J.; Asano, K.; Hu, D.L.; Omoe, K.; Sugai, M.; et al. Identification and Characterization of a Novel Staphylococcal Emetic Toxin. Appl. Environ. Microbiol. 2015, 81, 7034–7040. [Google Scholar] [CrossRef]

	



Bronner, S.; Monteil, H.; Prévost, G. Regulation of virulence determinants in Staphylococcus aureus: Complexity and applications. FEMS Microbiol. Rev. 2004, 28, 183–200. [Google Scholar] [CrossRef]

	



Waters, C.M.; Bassler, B.L. Quorum sensing: Cell-to-cell communication in bacteria. Annu. Rev. Cell Dev. Biol. 2005, 21, 319–346. [Google Scholar] [CrossRef]

	



Haag, A.F.; Bagnoli, F. The Role of Two-Component Signal Transduction Systems in Staphylococcus aureus Virulence Regulation. Curr Top Microbiol Immunol 2017, 409, 145–198. [Google Scholar] [CrossRef]

	



Novick, R.P.; Projan, S.J.; Kornblum, J.; Ross, H.F.; Ji, G.; Kreiswirth, B.; Vandenesch, F.; Moghazeh, S. The agr P2 operon: An autocatalytic sensory transduction system in Staphylococcus aureus. Mol Gen Genet 1995, 248, 446–458. [Google Scholar] [CrossRef]

	



Umeda, K.; Nakamura, H.; Yamamoto, K.; Nishina, N.; Yasufuku, K.; Hirai, Y.; Hirayama, T.; Goto, K.; Hase, A.; Ogasawara, J. Molecular and epidemiological characterization of staphylococcal foodborne outbreak of Staphylococcus aureus harboring seg, sei, sem, sen, seo, and selu genes without production of classical enterotoxins. Int. J. Food Microbiol. 2017, 256, 30–35. [Google Scholar] [CrossRef]

	



Suzuki, Y.; Omoe, K.; Hu, D.L.; Sato’o, Y.; Ono, H.K.; Monma, C.; Arai, T.; Konishi, N.; Kato, R.; Hirai, A.; et al. Molecular epidemiological characterization of Staphylococcus aureus isolates originating from food poisoning outbreaks that occurred in Tokyo, Japan. Microbiol. Immunol. 2014, 58, 570–580. [Google Scholar] [CrossRef] [PubMed]

	



Zeaki, N.; Johler, S.; Skandamis, P.N.; Schelin, J. The Role of Regulatory Mechanisms and Environmental Parameters in Staphylococcal Food Poisoning and Resulting Challenges to Risk Assessment. Front. Microbiol. 2019, 10, 1307. [Google Scholar] [CrossRef] [PubMed]

	



Aman, M.J. Superantigens of a superbug: Major culprits of Staphylococcus aureus disease? Virulence 2017, 8, 607–610. [Google Scholar] [CrossRef]

	



Krakauer, T.; Stiles, B.G. The staphylococcal enterotoxin (SE) family: SEB and siblings. Virulence 2013, 4, 759–773. [Google Scholar] [CrossRef] [PubMed]

	



Benkerroum, N. Staphylococcal enterotoxins and enterotoxin-like toxins with special reference to dairy products: An overview. Crit. Rev. Food Sci. Nutr. 2018, 58, 1943–1970. [Google Scholar] [CrossRef] [PubMed]

	



Nasaj, M.; Saeidi, Z.; Tahmasebi, H.; Dehbashi, S.; Arabestani, M.R. Prevalence and distribution of resistance and enterotoxins/enterotoxin-like genes in different clinical isolates of coagulase-negative Staphylococcus. Eur. J. Med. Res. 2020, 25, 48. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Hu, X.; Rao, X. Apoptosis induced by Staphylococcus aureus toxins. Microbiol. Res. 2017, 205, 19–24. [Google Scholar] [CrossRef]

	



Choi, Y.W.; Herman, A.; DiGiusto, D.; Wade, T.; Marrack, P.; Kappler, J. Residues of the variable region of the T-cell-receptor beta-chain that interact with S. aureus toxin superantigens. Nature 1990, 346, 471–473. [Google Scholar] [CrossRef] [PubMed]

	



Jarraud, S.; Peyrat, M.A.; Lim, A.; Tristan, A.; Bes, M.; Mougel, C.; Etienne, J.; Vandenesch, F.; Bonneville, M.; Lina, G. egc, a highly prevalent operon of enterotoxin gene, forms a putative nursery of superantigens in Staphylococcus aureus. J. Immunol. 2001, 166, 669–677. [Google Scholar] [CrossRef] [PubMed]

	



Saline, M.; Rödström, K.E.; Fischer, G.; Orekhov, V.Y.; Karlsson, B.G.; Lindkvist-Petersson, K. The structure of superantigen complexed with TCR and MHC reveals novel insights into superantigenic T cell activation. Nat. Commun. 2010, 1, 119. [Google Scholar] [CrossRef] [PubMed]

	



Arad, G.; Levy, R.; Nasie, I.; Hillman, D.; Rotfogel, Z.; Barash, U.; Supper, E.; Shpilka, T.; Minis, A.; Kaempfer, R. Binding of superantigen toxins into the CD28 homodimer interface is essential for induction of cytokine genes that mediate lethal shock. PLoS Biol. 2011, 9, e1001149. [Google Scholar] [CrossRef]

	



Levy, R.; Rotfogel, Z.; Hillman, D.; Popugailo, A.; Arad, G.; Supper, E.; Osman, F.; Kaempfer, R. Superantigens hyperinduce inflammatory cytokines by enhancing the B7-2/CD28 costimulatory receptor interaction. Proc. Natl. Acad. Sci. USA 2016, 113, E6437–E6446. [Google Scholar] [CrossRef]

	



Miethke, T.; Wahl, C.; Heeg, K.; Echtenacher, B.; Krammer, P.H.; Wagner, H. T cell-mediated lethal shock triggered in mice by the superantigen staphylococcal enterotoxin B: Critical role of tumor necrosis factor. J. Exp. Med. 1992, 175, 91–98. [Google Scholar] [CrossRef] [PubMed]

	



Marrack, P.; Blackman, M.; Kushnir, E.; Kappler, J. The toxicity of staphylococcal enterotoxin B in mice is mediated by T cells. J. Exp. Med. 1990, 171, 455–464. [Google Scholar] [CrossRef] [PubMed]

	



Carlsson, R.; Fischer, H.; Sjögren, H.O. Binding of staphylococcal enterotoxin A to accessory cells is a requirement for its ability to activate human T cells. J. Immunol. 1988, 140, 2484–2488. [Google Scholar] [CrossRef]

	



Tiedemann, R.E.; Fraser, J.D. Cross-linking of MHC class II molecules by staphylococcal enterotoxin A is essential for antigen-presenting cell and T cell activation. J. Immunol. 1996, 157, 3958–3966. [Google Scholar] [CrossRef]

	



Hayworth, J.L.; Mazzuca, D.M.; Maleki Vareki, S.; Welch, I.; McCormick, J.K.; Haeryfar, S.M. CD1d-independent activation of mouse and human iNKT cells by bacterial superantigens. Immunol. Cell Biol. 2012, 90, 699–709. [Google Scholar] [CrossRef]

	



Lotfi-Emran, S.; Ward, B.R.; Le, Q.T.; Pozez, A.L.; Manjili, M.H.; Woodfolk, J.A.; Schwartz, L.B. Human mast cells present antigen to autologous CD4(+) T cells. J. Allergy Clin. Immunol. 2018, 141, 311–321. [Google Scholar] [CrossRef] [PubMed]

	



Morita, C.T.; Li, H.; Lamphear, J.G.; Rich, R.R.; Fraser, J.D.; Mariuzza, R.A.; Lee, H.K. Superantigen recognition by gammadelta T cells: SEA recognition site for human Vgamma2 T cell receptors. Immunity 2001, 14, 331–344. [Google Scholar] [CrossRef]

	



Rieder, S.A.; Nagarkatti, P.; Nagarkatti, M. CD1d-independent activation of invariant natural killer T cells by staphylococcal enterotoxin B through major histocompatibility complex class II/T cell receptor interaction results in acute lung injury. Infect. Immun. 2011, 79, 3141–3148. [Google Scholar] [CrossRef] [PubMed]

	



Shaler, C.R.; Choi, J.; Rudak, P.T.; Memarnejadian, A.; Szabo, P.A.; Tun-Abraham, M.E.; Rossjohn, J.; Corbett, A.J.; McCluskey, J.; McCormick, J.K.; et al. MAIT cells launch a rapid, robust and distinct hyperinflammatory response to bacterial superantigens and quickly acquire an anergic phenotype that impedes their cognate antimicrobial function: Defining a novel mechanism of superantigen-induced immunopathology and immunosuppression. PLoS Biol. 2017, 15, e2001930. [Google Scholar] [CrossRef]

	



Stohl, W.; Elliott, J.E.; Linsley, P.S. Human T cell-dependent B cell differentiation induced by staphylococcal superantigens. J. Immunol. 1994, 153, 117–127. [Google Scholar] [CrossRef]

	



Danielsen, E.M.; Hansen, G.H.; Karlsdóttir, E. Staphylococcus aureus enterotoxins A- and B: Binding to the enterocyte brush border and uptake by perturbation of the apical endocytic membrane traffic. Histochem. Cell Biol. 2013, 139, 513–524. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, W.; Li, Y.; Liu, W.; Ding, D.; Xu, Y.; Pan, L.; Chen, S. Transcytosis, Antitumor Activity and Toxicity of Staphylococcal Enterotoxin C2 as an Oral Administration Protein Drug. Toxins 2016, 8, 185. [Google Scholar] [CrossRef]

	



Hirose, S.; Ono, H.K.; Omoe, K.; Hu, D.L.; Asano, K.; Yamamoto, Y.; Nakane, A. Goblet cells are involved in translocation of staphylococcal enterotoxin A in the intestinal tissue of house musk shrew (Suncus murinus). J. Appl. Microbiol. 2016, 120, 781–789. [Google Scholar] [CrossRef]

	



Larcombe, S.; Jiang, J.H.; Hutton, M.L.; Abud, H.E.; Peleg, A.Y.; Lyras, D. A mouse model of Staphylococcus aureus small intestinal infection. J. Med. Microbiol. 2020, 69, 290–297. [Google Scholar] [CrossRef]

	



Cornick, S.; Tawiah, A.; Chadee, K. Roles and regulation of the mucus barrier in the gut. Tissue Barriers 2015, 3, e982426. [Google Scholar] [CrossRef]

	



Edwards, L.A.; O’Neill, C.; Furman, M.A.; Hicks, S.; Torrente, F.; Pérez-Machado, M.; Wellington, E.M.; Phillips, A.D.; Murch, S.H. Enterotoxin-producing staphylococci cause intestinal inflammation by a combination of direct epithelial cytopathy and superantigen-mediated T-cell activation. Inflamm. Bowel Dis. 2012, 18, 624–640. [Google Scholar] [CrossRef]

	



Mergani, A.; Wanes, D.; Schecker, N.; Branitzki-Heinemann, K.; Naim, H.Y.; von Köckritz-Blickwede, M. Staphylococcus aureus Infection Influences the Function of Intestinal Cells by Altering the Lipid Raft-Dependent Sorting of Sucrase-Isomaltase. Front. Cell Dev. Biol. 2021, 9, 699970. [Google Scholar] [CrossRef]

	



Sannasiddappa, T.H.; Costabile, A.; Gibson, G.R.; Clarke, S.R. The influence of Staphylococcus aureus on gut microbial ecology in an in vitro continuous culture human colonic model system. PLoS ONE 2011, 6, e23227. [Google Scholar] [CrossRef]

	



Piewngam, P.; Khongthong, S.; Roekngam, N.; Theapparat, Y.; Sunpaweravong, S.; Faroongsarng, D.; Otto, M. Probiotic for pathogen-specific Staphylococcus aureus decolonisation in Thailand: A phase 2, double-blind, randomised, placebo-controlled trial. Lancet Microbe 2023, 4, e75–e83. [Google Scholar] [CrossRef] [PubMed]

	



Ma, X.; Jin, H.; Chu, X.; Dai, W.; Tang, W.; Zhu, J.; Wang, F.; Yang, X.; Li, W.; Liu, G.; et al. The Host CYP1A1-Microbiota Metabolic Axis Promotes Gut Barrier Disruption in Methicillin-Resistant Staphylococcus aureus-Induced Abdominal Sepsis. Front. Microbiol. 2022, 13, 802409. [Google Scholar] [CrossRef]

	



Weiner, L.M.; Webb, A.K.; Limbago, B.; Dudeck, M.A.; Patel, J.; Kallen, A.J.; Edwards, J.R.; Sievert, D.M. Antimicrobial-Resistant Pathogens Associated With Healthcare-Associated Infections: Summary of Data Reported to the National Healthcare Safety Network at the Centers for Disease Control and Prevention, 2011–2014. Infect. Control Hosp. Epidemiol. 2016, 37, 1288–1301. [Google Scholar] [CrossRef] [PubMed]

	



AlQahtani, H.; Baloch, S.; Aleanizy, F.S.; Alqahtani, F.Y.; Tabb, D. Influence of the minimum inhibitory concentration of daptomycin on the outcomes of Staphylococcus aureus bacteraemia. J. Glob. Antimicrob. Resist. 2020, 24, 23–26. [Google Scholar] [CrossRef]

	



Lodise, T.P., Jr.; McKinnon, P.S. Burden of methicillin-resistant Staphylococcus aureus: Focus on clinical and economic outcomes. Pharmacotherapy 2007, 27, 1001–1012. [Google Scholar] [CrossRef] [PubMed]

	



Laupland, K.B.; Lyytikäinen, O.; Søgaard, M.; Kennedy, K.J.; Knudsen, J.D.; Ostergaard, C.; Galbraith, J.C.; Valiquette, L.; Jacobsson, G.; Collignon, P.; et al. The changing epidemiology of Staphylococcus aureus bloodstream infection: A multinational population-based surveillance study. Clin. Microbiol. Infect. 2013, 19, 465–471. [Google Scholar] [CrossRef]

	



Asgeirsson, H.; Thalme, A.; Weiland, O. Staphylococcus aureus bacteraemia and endocarditis—Epidemiology and outcome: A review. Infect. Dis. 2018, 50, 175–192. [Google Scholar] [CrossRef]

	



Yarovoy, J.Y.; Monte, A.A.; Knepper, B.C.; Young, H.L. Epidemiology of Community-Onset Staphylococcus aureus Bacteremia. West. J. Emerg. Med. 2019, 20, 438–442. [Google Scholar] [CrossRef] [PubMed]

	



Wilson, J.; Guy, R.; Elgohari, S.; Sheridan, E.; Davies, J.; Lamagni, T.; Pearson, A. Trends in sources of meticillin-resistant Staphylococcus aureus (MRSA) bacteraemia: Data from the national mandatory surveillance of MRSA bacteraemia in England, 2006-2009. J. Hosp. Infect. 2011, 79, 211–217. [Google Scholar] [CrossRef] [PubMed]

	



Kwiecinski, J.M.; Horswill, A.R. Staphylococcus aureus bloodstream infections: Pathogenesis and regulatory mechanisms. Curr. Opin. Microbiol. 2020, 53, 51–60. [Google Scholar] [CrossRef] [PubMed]

	



Thammavongsa, V.; Kim, H.K.; Missiakas, D.; Schneewind, O. Staphylococcal manipulation of host immune responses. Nat. Rev. Microbiol. 2015, 13, 529–543. [Google Scholar] [CrossRef] [PubMed]

	



Leentjens, J.; Kox, M.; van der Hoeven, J.G.; Netea, M.G.; Pickkers, P. Immunotherapy for the adjunctive treatment of sepsis: From immunosuppression to immunostimulation. Time for a paradigm change? Am. J. Respir. Crit. Care Med. 2013, 187, 1287–1293. [Google Scholar] [CrossRef] [PubMed]

	



Greenberg, J.A.; Hrusch, C.L.; Jaffery, M.R.; David, M.Z.; Daum, R.S.; Hall, J.B.; Kress, J.P.; Sperling, A.I.; Verhoef, P.A. Distinct T-helper cell responses to Staphylococcus aureus bacteremia reflect immunologic comorbidities and correlate with mortality. Crit. Care 2018, 22, 107. [Google Scholar] [CrossRef]

	



Brown, A.F.; Murphy, A.G.; Lalor, S.J.; Leech, J.M.; O’Keeffe, K.M.; Mac Aogáin, M.; O’Halloran, D.P.; Lacey, K.A.; Tavakol, M.; Hearnden, C.H.; et al. Memory Th1 Cells Are Protective in Invasive Staphylococcus aureus Infection. PLoS Pathog. 2015, 11, e1005226. [Google Scholar] [CrossRef]

	



Bagnoli, F.; Fontana, M.R.; Soldaini, E.; Mishra, R.P.; Fiaschi, L.; Cartocci, E.; Nardi-Dei, V.; Ruggiero, P.; Nosari, S.; De Falco, M.G.; et al. Vaccine composition formulated with a novel TLR7-dependent adjuvant induces high and broad protection against Staphylococcus aureus. Proc. Natl. Acad. Sci. USA 2015, 112, 3680–3685. [Google Scholar] [CrossRef]

	



Vesterlund, S.; Karp, M.; Salminen, S.; Ouwehand, A.C. Staphylococcus aureus adheres to human intestinal mucus but can be displaced by certain lactic acid bacteria. Microbiology 2006, 152, 1819–1826. [Google Scholar] [CrossRef]

	



Dong, D.; Ni, Q.; Wang, C.; Zhang, L.; Li, Z.; Jiang, C.; EnqiangMao; Peng, Y. Effects of intestinal colonization by Clostridium difficile and Staphylococcus aureus on microbiota diversity in healthy individuals in China. BMC Infect. Dis. 2018, 18, 207. [Google Scholar] [CrossRef] [PubMed]

	



Raineri, E.J.M.; Maaß, S.; Wang, M.; Brushett, S.; Palma Medina, L.M.; Sampol Escandell, N.; Altulea, D.; Raangs, E.; de Jong, A.; Vera Murguia, E.; et al. Staphylococcus aureus populations from the gut and the blood are not distinguished by virulence traits-a critical role of host barrier integrity. Microbiome 2022, 10, 239. [Google Scholar] [CrossRef]

	



Kernbauer, E.; Maurer, K.; Torres, V.J.; Shopsin, B.; Cadwell, K. Gastrointestinal dissemination and transmission of Staphylococcus aureus following bacteremia. Infect. Immun. 2015, 83, 372–378. [Google Scholar] [CrossRef] [PubMed]

	



Galar, A.; Weil, A.A.; Dudzinski, D.M.; Muñoz, P.; Siedner, M.J. Methicillin-Resistant Staphylococcus aureus Prosthetic Valve Endocarditis: Pathophysiology, Epidemiology, Clinical Presentation, Diagnosis, and Management. Clin. Microbiol. Rev. 2019, 32, e00041-18. [Google Scholar] [CrossRef]

	



Murdoch, D.R.; Corey, G.R.; Hoen, B.; Miró, J.M.; Fowler, V.G., Jr.; Bayer, A.S.; Karchmer, A.W.; Olaison, L.; Pappas, P.A.; Moreillon, P.; et al. Clinical presentation, etiology, and outcome of infective endocarditis in the 21st century: The International Collaboration on Endocarditis-Prospective Cohort Study. Arch. Intern. Med. 2009, 169, 463–473. [Google Scholar] [CrossRef]

	



Duval, X.; Delahaye, F.; Alla, F.; Tattevin, P.; Obadia, J.F.; Le Moing, V.; Doco-Lecompte, T.; Celard, M.; Poyart, C.; Strady, C.; et al. Temporal trends in infective endocarditis in the context of prophylaxis guideline modifications: Three successive population-based surveys. J. Am. Coll. Cardiol. 2012, 59, 1968–1976. [Google Scholar] [CrossRef]

	



Muñoz, P.; Kestler, M.; De Alarcon, A.; Miro, J.M.; Bermejo, J.; Rodríguez-Abella, H.; Fariñas, M.C.; Cobo Belaustegui, M.; Mestres, C.; Llinares, P.; et al. Current Epidemiology and Outcome of Infective Endocarditis: A Multicenter, Prospective, Cohort Study. Medicine 2015, 94, e1816. [Google Scholar] [CrossRef]

	



Asgeirsson, H.; Thalme, A.; Kristjansson, M.; Weiland, O. Incidence and outcome of Staphylococcus aureus endocarditis--a 10-year single-centre northern European experience. Clin Microbiol Infect 2015, 21, 772–778. [Google Scholar] [CrossRef]

	



Que, Y.A.; Moreillon, P. Infective endocarditis. Nat. Rev. Cardiol. 2011, 8, 322–336. [Google Scholar] [CrossRef] [PubMed]

	



Que, Y.A.; Haefliger, J.A.; Piroth, L.; François, P.; Widmer, E.; Entenza, J.M.; Sinha, B.; Herrmann, M.; Francioli, P.; Vaudaux, P.; et al. Fibrinogen and fibronectin binding cooperate for valve infection and invasion in Staphylococcus aureus experimental endocarditis. J. Exp. Med. 2005, 201, 1627–1635. [Google Scholar] [CrossRef] [PubMed]

	



Piroth, L.; Que, Y.A.; Widmer, E.; Panchaud, A.; Piu, S.; Entenza, J.M.; Moreillon, P. The fibrinogen- and fibronectin-binding domains of Staphylococcus aureus fibronectin-binding protein A synergistically promote endothelial invasion and experimental endocarditis. Infect. Immun. 2008, 76, 3824–3831. [Google Scholar] [CrossRef]

	



Meyers, S.; Lox, M.; Kraisin, S.; Liesenborghs, L.; Martens, C.P.; Frederix, L.; Van Bruggen, S.; Crescente, M.; Missiakas, D.; Baatsen, P.; et al. Neutrophils Protect Against Staphylococcus aureus Endocarditis Progression Independent of Extracellular Trap Release. Arterioscler. Thromb. Vasc. Biol. 2023, 43, 267–285. [Google Scholar] [CrossRef]

	



Liesenborghs, L.; Meyers, S.; Lox, M.; Criel, M.; Claes, J.; Peetermans, M.; Trenson, S.; Vande Velde, G.; Vanden Berghe, P.; Baatsen, P.; et al. Staphylococcus aureus endocarditis: Distinct mechanisms of bacterial adhesion to damaged and inflamed heart valves. Eur. Heart J. 2019, 40, 3248–3259. [Google Scholar] [CrossRef] [PubMed]

	



Gao, J.; Stewart, G.C. Regulatory elements of the Staphylococcus aureus protein A (Spa) promoter. J. Bacteriol. 2004, 186, 3738–3748. [Google Scholar] [CrossRef] [PubMed]

	



Siboo, I.R.; Cheung, A.L.; Bayer, A.S.; Sullam, P.M. Clumping factor A mediates binding of Staphylococcus aureus to human platelets. Infect. Immun. 2001, 69, 3120–3127. [Google Scholar] [CrossRef] [PubMed]

	



Guerra, F.E.; Borgogna, T.R.; Patel, D.M.; Sward, E.W.; Voyich, J.M. Epic Immune Battles of History: Neutrophils vs. Staphylococcus aureus. Front. Cell. Infect. Microbiol. 2017, 7, 286. [Google Scholar] [CrossRef]

	



Buchan, K.D.; Foster, S.J.; Renshaw, S.A. Staphylococcus aureus: Setting its sights on the human innate immune system. Microbiology 2019, 165, 367–385. [Google Scholar] [CrossRef] [PubMed]

	



Nethercott, C.; Mabbett, A.N.; Totsika, M.; Peters, P.; Ortiz, J.C.; Nimmo, G.R.; Coombs, G.W.; Walker, M.J.; Schembri, M.A. Molecular characterization of endocarditis-associated Staphylococcus aureus. J. Clin. Microbiol. 2013, 51, 2131–2138. [Google Scholar] [CrossRef] [PubMed]

	



Strobel, M.; Pförtner, H.; Tuchscherr, L.; Völker, U.; Schmidt, F.; Kramko, N.; Schnittler, H.J.; Fraunholz, M.J.; Löffler, B.; Peters, G.; et al. Post-invasion events after infection with Staphylococcus aureus are strongly dependent on both the host cell type and the infecting S. aureus strain. Clin. Microbiol. Infect. 2016, 22, 799–809. [Google Scholar] [CrossRef]

	



Schwarz, C.; Töre, Y.; Hoesker, V.; Ameling, S.; Grün, K.; Völker, U.; Schulze, P.C.; Franz, M.; Faber, C.; Schaumburg, F.; et al. Host-pathogen interactions of clinical S. aureus isolates to induce infective endocarditis. Virulence 2021, 12, 2073–2087. [Google Scholar] [CrossRef]

	



Di Bella, S.; Campisciano, G.; Luzzati, R.; Di Domenico, E.G.; Lovecchio, A.; Pappalardo, A.; Comar, M.; Gatti, G. Bacterial colonization of explanted non-endocarditis cardiac valves: Evidence and characterization of the valvular microbiome. Interact. Cardiovasc. Thorac. Surg. 2020, 32, 457–459. [Google Scholar] [CrossRef]

	



Fernández-Hidalgo, N.; Escolà-Vergé, L.; Pericàs, J.M. Enterococcus faecalis endocarditis: What’s next? Future Microbiol. 2020, 15, 349–364. [Google Scholar] [CrossRef] [PubMed]

	



de Almeida, C.V.; Taddei, A.; Amedei, A. The controversial role of Enterococcus faecalis in colorectal cancer. Therap. Adv. Gastroenterol. 2018, 11, 1756284818783606. [Google Scholar] [CrossRef] [PubMed]

	



Ma, C.; Zhao, J.; Xi, X.; Ding, J.; Wang, H.; Zhang, H.; Kwok, L.Y. Bovine mastitis may be associated with the deprivation of gut Lactobacillus. Benef. Microbes 2016, 7, 95–102. [Google Scholar] [CrossRef] [PubMed]

	



Mansuy-Aubert, V.; Ravussin, Y. Short chain fatty acids: The messengers from down below. Front. Neurosci. 2023, 17, 1197759. [Google Scholar] [CrossRef] [PubMed]

	



Kim, K.O.; Gluck, M. Fecal Microbiota Transplantation: An Update on Clinical Practice. Clin. Endosc. 2019, 52, 137–143. [Google Scholar] [CrossRef]

	



Hu, X.; Mu, R.; Xu, M.; Yuan, X.; Jiang, P.; Guo, J.; Cao, Y.; Zhang, N.; Fu, Y. Gut microbiota mediate the protective effects on endometritis induced by Staphylococcus aureus in mice. Food Funct. 2020, 11, 3695–3705. [Google Scholar] [CrossRef]

	



Wei, Y.; Gong, J.; Zhu, W.; Guo, D.; Gu, L.; Li, N.; Li, J. Fecal microbiota transplantation restores dysbiosis in patients with methicillin resistant Staphylococcus aureus enterocolitis. BMC Infect. Dis. 2015, 15, 265. [Google Scholar] [CrossRef]








[image: Pathogens 13 00276 g001] 





Figure 1. Staphylococcus aureus infections in organs/tissues. In the heart, the first response to S. aureus infections is the development of proinflammatory cells, including neutrophils, monocytes, and macrophages, which is supported by the production of cytokines (TNF-α, IL-1, IL6, and IL-8), adhesion molecules (ICAM, VCAM), integrins, and tissue factors. The cytotoxins released by S. aureus could trigger the immune response, both innate and cell-mediated, of T-cells and B-cells. During skin infections, immune cells, including dendritic cells, macrophages, mast cells, B- and T-cells, plasma cells, and natural killer (NK) cells, produce proinflammatory cytokines, chemokines, and adhesion molecules. These cytokines could induce the production of antimicrobial peptides that exhibit bacteriostatic or bactericidal activity against S. aureus. Lipoproteins and lipoteichoic acid of S. aureus activate Toll-like receptor 2 (TLR-2), while IL-1α and IL-1β activate interleukin-1 receptor (IL-1R), which promotes the production of IL-17 and cytokines from T-cells. In the intestine, the inflammatory injury caused by staphylococcal enterotoxins is mediated by MHC class II-expressing mucosal professionals (macrophages and dendritic cells) and non-professional (like myofibroblasts) CD4+ T-cells. These related processes can produce solid proinflammatory cytokines and chemokines, such as IL-6, IL-8, and MCP-1. S. aureus or its enterotoxins could cross the local epithelial barrier and reach the bloodstream, and then further translocate to other organs/tissues and cause bacteremia, or vice versa. 
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Figure 2. Staphylococcus aureus infection and gut microbial homeostasis. S. aureus can cause skin and soft-tissue infections, endocarditis, food poisoning, and bacteremia and influence microbial homeostasis by impacting the intestinal immune system or increasing bacterial translocation through the bloodstream. Reversely, gut microbial dysbiosis could affect S. aureus infection or sensitivity to the pathogen by microbial products or bacterial translocation through the bloodstream. 
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