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Abstract

Staphylococcus aureus is an opportunistic pathogen that normally colonizes the human anterior
nares. At the same time, this pathogen is one of the leading causes of life-threatening bloodstream
infections, such as sepsis and endocarditis. In this review we will present the current
understanding of the pathogenesis of these invasive infections, focusing on the mechanisms of S.
aureus clearance from the bloodstream by the immune system, and how this pathogen hijacks the
host defense and coagulation systems and further interacts with the blood vessel endothelium.
Additionally, we will delve into the regulatory mechanisms S. aureus employs during an invasive
infection. These new insights into host-pathogen interactions show promising avenues for the
development of novel therapies for treating bloodstream infections.

Introduction

Staphylococcus aureus is an asymptomatic colonizer of human nares, with approximately
30% of individuals permanently colonized [1]. It is also the main cause of skin and soft
tissue infections, especially in the already colonized individuals [2]. While local skin
infections are mostly self-limiting, they sometime become an entryway for this pathogen
into the deeper tissues and the bloodstream — skin infections are in fact the most commonly
identified source for the S. aureus bacteremia [3,4]. Mechanisms of the occasional S. aureus
systemic spread from skin lesions are not fully understood, though main risks factors for
development of S. aureus sepsis are age (highest risk in infants and the elderly), additional
comorbidities (heart diseases, diabetes, renal disease, HIV infection), presence of indwelling
medical devices, intravenous drug use, and low socioeconomic status [5]. Even though
majority of individuals colonized with S. aureus will not develop an invasive infection, the
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total number of the infected individuals places S. aureus as one of leading pathogens causing
bloodstream infections [6]. These infections are characterized by high mortality rates despite
proper treatment (from 20% to 50%, depending on infection severity), frequent recurrences
(5-10%), and lasting impairments in over one-third of the survivors [5-7]. The incidence of
S. aureus bloodstream infections has been rising in recent years in developed countries [5,6].
Severe S. aureus infections are also an overlooked, but important challenge in developing
countries [8]. Overall, there is an urgent need to better understand these invasive infections,
and to design new therapies for improving patient care.

Bloodstream infections: overview

The presence of S. aureus in the bloodstream (bacteremia) can lead to the development of
sepsis - a systemic inflammatory response to infection. A typical feature of sepsis is the
paradoxical immunosuppressive response that is sometimes concurrent with inflammation.
This combination of inflammation and immunosuppression leads to collateral damage of
local tissues and renders the host defenseless against the causative pathogen and secondary
infections [9]. The inflammatory response shifts the balance between pro- and anti-
coagulating mechanisms, potentially leading to disseminated intravascular coagulation
(DIC). The DIC microthrombi develop in the vasculature, damage the endothelium and
block blood flow, resulting in oxygen depletion in organs. As this systemic coagulation
depletes available clotting factors, it is often followed by hemorrhages that further aggravate
organ injury [9]. The endothelium lining blood vessels is an essential player in sepsis,
secreting pro-inflammatory and pro-coagulant factors, but excessive inflammation is also
responsible for endothelial damage, leading to vascular leakage and failure to maintain
proper blood pressure [9]. This general scheme of sepsis pathology can be impacted by
multiple virulence mechanisms of S. aureus, which directly targets immune responses,
coagulation, and endothelium. In addition to sepsis, the presence of S. aureus in the
bloodstream can also lead to endocarditis, which is an infection of the heart valves. This is
often associated with the endothelial damage and/or activation, and development of infected
thrombi, connecting the local pathology of the endocarditis with the more systemic
mechanisms observed in sepsis.

In this review, we will draw attention to certain aspects of the S. aureus bloodstream
infections that differentiate it from a more “typical” sepsis. Many virulence mechanisms of
S. aureus have been identified in the past in experimental models of bloodstream infections
and have been reviewed elsewhere [10-12]. In this review, we will focus on some of the
most recent developments in the field — that is on how S. aureus hijacks the initial immune
response for its spread, takes advantage of the interaction with coagulation and endothelium,
and regulates the expression of virulence factors in the bloodstream. Finally, we will also
demonstrate how these factors create challenges and opportunities for designing new
therapies for treating S. aureus bloodstream infections.

Immune clearance of S. aureus from the bloodstream

After entering the bloodstream, S. aureus is initially cleared by specialized liver
macrophages called Kupffer cells [13-15] (Fig. 1). Circulating platelets aid in this process
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by aggregating around bacteria on the surface of the Kupffer cells, encasing S. aureus until it
is properly phagocytosed [15]. Efficacy of this sequestration differs between S. aureus
strains, which suggests presence of some not-yet-understood mechanisms of Kupffer cell
evasion [15]. This clearance process is in many cases sufficient to prevent serious infection,
but a small fraction of phagocytosed staphylococci might survive and multiply inside the
Kupffer cells, eventually turning the liver into a source of the in-host dissemination
[13,14,16]. As S. aureus is being released from this intracellular niche into the peritoneum
and the liver circulation, it encounters peritoneal macrophages and bloodstream neutrophils
acting as a second line of phagocyte defense [13,16]. However, a small fraction of ingested
S. aureus can once again survive inside these phagocytes, turning them into “Trojan Horses”
carrying intracellular bacteria to other body sites, and eventually causing a systemic
dissemination [13,16].

As our understanding of the dynamics of S. aureus in bloodstream evolves, the importance
of developing treatments that could target intracellular bacteria, and boost phagocytic
killing, becomes clear [14,17]. This is further demonstrated by the increased susceptibility to
S. aureus infections of individuals suffering from various innate immunity dysfunctions,
especially from ones that decrease neutrophil’s ability to Kill the pathogens (reviewed in
[18]). The central role of phagocytosis in early stages of bacteremia also underlies the
importance of anti-phagocytic immune evasion molecules produced by S. aureus (reviewed
in [19,20]). However, there is still relatively little research on the possible specific
mechanisms of S. aureus phagocytosis and immune evasion in Kupffer cells, as opposed to
the more typical peripheral neutrophils and macrophages.

Adaptive immunity and S. aureus bloodstream infections

S. aureus infections often reoccur, typically in skin infections more than in bloodstream
infections, suggesting a possible involvement of some protective memory immune
mechanism in sepsis [21]. This might be especially important for the development of anti-S.
aureus vaccines, but there is no clear consensus yet on the role of the adaptive immunity in
S. aureus invasive infections (partly reviewed in [22]).

Effect of B cell memory on staphylococcal sepsis has not been yet exhaustively investigated
in animal models, but B cell depletion did not affect severity of a mouse primary invasive
infection [23]. More importantly, lack of functional B cells is not a risk factor for S. aureus
sepsis in humans [22]. These suggest no role for B cells and antibodies in sepsis. There are,
however, repeated observations of low levels of anti-S. aureus IgG antibodies correlating
with sepsis development, and predicting worse infection outcomes [24—-26]. Perhaps these
contradictory results are best explained by the ability of S. aureusto evade B cell-mediated
immunity, making these cells appear unimportant in cases of successful S. aureus disease
[22].

While IL-17 secreting T cells are essential for defense against S. aureus skin infections, the
role of T cells and their different subsets in S. aureus sepsis has been harder to establish. The
IL-17 secreting -y6 T cells, as well as the Th1 memory cells, appear to be protective during
invasive S. aureus infections [27,28], but many contradictory results exist [11,22,29]. Part of
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this confusion might stem from the activity of the S. aureus superantigens, causing
unspecific activation and expansion of T cells that aggravates infection [30]. Different S.
aureus strains used in disease models harbor different repertoires of superantigens, and
superantigen susceptibility differs among mouse strains (though always being significantly
lower than in humans) [30], possibly explaining the contradictory results. In recent years
more research on the role of non-conventional (non-MHC-restricted) T cells appeared,
suggesting that activation by S. aureus superantigens of the invariant Natural Killer T cells
(iNKT, type | NKT), and possibly Mucosal Associated Invariant T cells (MAITS) could
aggravate S. aureus infection, while type 11 NKT cells might play a protective role [31-33],
but the emerging picture is far from clear.

Coagulation and endothelium as targets of S. aureus virulence

A hallmark feature of S. aureus sepsis in both patients and animal models is the pronounced
shift towards pro-coagulant activity [34-37]. This is largely due to inflammation-induced
expression and release of pro-coagulant factors such as tissue factor (TF) and von
Willebrand factor (vWf) by endothelium, accompanied by decreased serum activity of anti-
coagulant (e.g. ADAMTS13 protease cleaving VW) and fibrinolytic (e.g. plasminogen)
factors. These changes are mostly mediated by host vascular endothelium responses to
inflammatory cytokines, and they are aggravated by the presence of the bacterial pathogen
and its products. For example, S. aureus-induced complement activation causes TF
expression by immune cells, and S. aureus alpha-toxin induces abnormal platelet activation,
leading to formation of platelet aggregates and occlusion of small vessels by microthrombi
[38,39]. Moreover, S. aureus produces its own coagulases (staphylocoagulase and vWf-
binding protein) and directly engages host platelets, which allows the pathogen to bypass
host regulatory systems and hijack the coagulation cascade (reviewed in [40]). Investigation
of animal models with altered coagulation and fibrinolysis (eg. vWf-deficient, ADAMTS13-
deficient, plasminogen-deficient, or Factor V Leiden heterozygous mice) demonstrated
importance of these host systems during sepsis [35,41,42]. However, attempts to identify a
clear role of pre-existing coagulopathy or thrombophilia during human S. aureus sepsis are
either lacking or provide mixed results [43]. This is likely because the overall aberrant
coagulation and fibrinolysis during sepsis overshadows more subtle effects of its
manipulation by S. aureus. Moreover, many of the typical coagulopathies have no effect on
S. aureus— induced coagulation, as staphylococcal coagulases activate prothrombin
irrespectively of the presence and activity of other host coagulation factors, and thus remain
fully functional even in most individuals with bleeding disorders [40].

S. aureus can directly bind fibrinogen (and fibrin, generated from fibrinogen during
coagulation) and use it to cross-link individual cells to form large fibrinogen-encased clumps
(reviewed in [44]). Despite some insights offered by infection experiments in transgenic
mice with fibrinogen which cannot polymerize into fibrin, the relative importance and the
exact settings in which S. aureus interacts with un-polymerized fibrinogen versus when it
interacts with fibrin remain unclear, especially during bloodstream infection [45]. Formation
of clumps and encasement in fibrin layers is thought to protect bacteria from immune attacks
and antibiotics, and helps establish infectious foci inside vasculature (Fig. 2). Indeed, the
ability of S. aureusto induce coagulation and to clump with fibrinogen is one of its most
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pronounced virulence mechanisms in animal models, and removal of fibrinogen during
infection decreases sepsis severity [46-50]. Moreover, production of staphylokinase (an anti-
coagulant / fibrinolytic) factor by S. aureus has been linked to decreased infection severity
both in humans and in mouse models [51,52], further stressing importance of excessive
coagulation for pathogenesis of bloodstream infection.

Closely related to coagulation and fibrinogen binding is S. aureus adhesion to the
endothelium (Fig. 2). This has been mostly investigated in the context of endocarditis, where
infected thrombi develop directly on the surface of the heart valves, but the same mechanism
probably occurs in other sites in the vessel walls during sepsis. S. aureus attaches to
endothelium through two distinct mechanisms [10,53]. First, when the endothelium become
mechanically damaged and underlying layers of vessel wall rich in collagen are exposed,
coagulation cascade is initiated and a fibrin- and vWf-containing clot develops. This
provides a binding site for S. aureus, which can interact with collagen, fibrin and vWf
through its surface proteins and coagulases [53-55]. In the alternative case when no
mechanical damage is present, and the endothelium becomes activated in response to
inflammation, endothelial cells display vWT, selectins, and other adhesion molecules on
their surface. These in turn recruit platelets and immune cells. The platelets and vVWT provide
binding sites for S. aureus, while incoming immune cells potentially bring additional
intracellular bacteria directly to the site of endothelial inflammation [53]. Irrespective of the
adhesion pathway, the binding of S. aureusto the vessel wall allows the invading pathogen
to directly damage the endothelium by its secreted toxins such as alpha-toxin and
endothelium-activating superantigens, further augmenting the endothelial dysfunction,
aberrant coagulation, and vascular leakage [56-58]. This creates local infectious foci at the
vessel wall, from which S. aureus can metastasize into the surrounding organs or
disseminate through bloodstream to other body sites.

Strain-specific features of S. aureus bloodstream infections

Identification of relevant virulence factors has been an important part of research on S.
aureus infections. However, the virulence (that is, the ability to inflict damage on the host)
emerges from a complex and unique host-pathogen interplay [59,60]. Thus, the same
virulence mechanisms might be crucial in one patient, and play no role in the other,
depending on presence of other virulence factors, patient’s immune state, stage of infection,
etc. In the case of S. aureus, this is demonstrated by the varying virulence properties
responsible for mortality in bacteremia caused by S. aureus strains from two different clonal
complexes [61]. Notably, the only virulence-related properties that seemed to be important
in both of the analyzed clonal complexes in one study were polymorphisms in the gene
coding for capsule production [61], with capsule being an established virulence factor in S.
aureus sepsis [62]. The most common S. aureus clone in North America is, however, the
USA300 lineage, which does not produce capsule [63], demonstrating that common
virulence features might be strain-dependent or limited to certain geographical locations.
Similarly, while secreted virulence factors (alpha-toxin, staphylococcal coagulases) and
iron-scavenging surface proteins have been demonstrated to be important determinants in
experimental bloodstream infections, they do not play a role in sepsis in
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immunocompromised hosts, where cell-wall anchoring of surface proteins was defined as an
essential virulence factor [64].

Interesting example of host- and strain-dependent mechanisms of virulence are the S. aureus
isolates from the CC30 clonal complex. As they often lack secreted toxins and have reduced
virulence in mouse and invertebrate models, they are considered “less virulent” [65,66]. On
the other hand, they are also associated epidemiologically with complicated bacteremia in
humans [67] and appear to be virulent in rabbit model, presumably due to their superantigen
secretion [68]. This is consistent with the aforementioned study of predictors of mortality in
sepsis, where levels of secreted cytotoxic toxins did not correlate with outcome of CC30
sepsis [61]. Altogether, CC30 strains seem to employ virulence mechanisms that are distinct
from the toxin-based mechanisms usually noticed in mouse infection models, causing
mortality not through aggressive damage to the host, but through the ability to persist. This
demonstrates that different sets of virulence factors can cause disease through distinct
mechanisms, not always apparent in the experimental infection models. This must be taken
into account in design of new therapies, as each clonal lineage of S. aureus presents with a
unique combination of virulence factors and often with different epidemiology [69]. It is
probably most useful to think of different S. aureus lineages as being able to adapt to set of
conditions, such as a specific host niche or environment, through particular disease
mechanisms mediated by unique combinations of virulence factors. This implies that instead
of a single “S. aureus bloodstream infection”, there are rather multiple types of these
infections with differing pathophysiological mechanisms. This highlights the recent calls for
a more “personalized medicine” approach to sepsis treatment [9,70]. An individualized
approach, taking into account specifics of both the particular infecting S. aureus strain and of
the patient’s changing response to infection will be necessary.

S. aureus gene regulation in the bloodstream

An essential feature of a successful infection is the coordinated and timely expression of
virulence factors and other relevant genes by the pathogen. To respond to the host
environmental cues, S. aureus relies on numerous regulatory systems (reviewed in [71]).
Unlike individual virulence factors, often employed by only some of the S. aureus lineages,
the need for tight gene regulation is universal across all strains. As in the case of individual
virulence factors, the role of S. aureus regulatory systems in bloodstream infections is
complex and condition dependent.

The Agr quorum-sensing system is the most studied of the S. aureus regulators, and its
correct activity is required for secretion of number of toxins and other soluble virulence
factors [71] (Fig. 3A). It senses an autoinducing peptide (AIP) secreted by the S. aureus
itself, and when AIP reaches a critical local concentration due to high bacterial density, Agr
signaling is activated [71]. Agr was one of the first regulators found to be involved in
bloodstream infections [72]. The Agr-deficient isolates are, however, commonly found in
patients with bloodstream infections (reviewed in [73]). Attempts to correlate Agr
functionality with sepsis outcome either shows no correlation, or even an opposite effect
where Agr-deficient strains are found in more severe disease cases, especially in persistent
bacteremia [74-77]. These observations are attributed to a number of factors, including the
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pro-inflammatory properties of strains with functional Agr, the elevated adherence capacity
of Agr-deficient isolates [73], the Agr-inhibitory activity of apolipoproteins in host serum
[78], and the increased fitness cost of maintaining a functional Agr system [76]. At the same
time, an active Agr system is essential for intracellular survival inside phagocytes [73],
which is the first step in establishing a bloodstream infection. In some instances,
compensatory mutations might develop during infection with the Agr-deficient isolates,
overcoming their apparent “decreased” virulence [79]. But overall, the role of Agr probably
depends on the phase of the infection. In early phases, when toxin secretion is needed to
survive inside phagocytes and establish a niche in the host, maintaining a functional Agr
system is useful. In the later stages, when persistence requires strong adhesion and low toxin
production to avoid eliciting immune responses, Agr activity is unnecessary or even
detrimental. Similarly, the role of Agr probably depends on the pathogen’s location: as long
as it remains floating inside bloodstream, Agr activity is quenched by serum, and any
produced toxins would be quickly diluted. When S. aureus finds itself in clumps or inside
host cells, high bacterial density and/or lack of serum allow for Agr activation, and produced
toxins can easily reach high concentrations [50].

The ambiguous role of Agr in sepsis raises the question if its therapeutic targeting is an
optimal treatment approach. One the positive, Agr regulation is similar across multiple S.
aureus lineages, making it a promising universal treatment target [80], and many potent
inhibitors have been developed [81]. Inhibiting the Agr system could lock S. aureusinto a
non-toxicogenic expression state, making it vulnerable to phagocytic killing and clearance.
However, timing is important since the system activates in waves, and it is critical to target it
early in the dynamic process to limit toxin production [82]. In case of bloodstream
infections, the use of Agr inhibition would probably require careful monitoring of the
pathogen’s genotype and stage of the infection, to ensure the treatment is used at the most
opportune moment.

Another virulence regulatory system of interest in bloodstream infections is the two-
component ArIRS system, and its downstream effector, the global regulator MgrA [71] (Fig.
3B). In the context of bloodstream, this cascade was shown to regulate clumping in plasma,
adhesion to vessel walls, and interactions with endothelium [46,48,83,84]. ArIRS — MgrA
cascade also regulates expression of several immune evasion genes [85], controls response to
host antimicrobial peptides [86], and coordinates response to metabolic conditions imposed
by host environment [87,88]. Most importantly, the inactivation of ArIRS or MgrA resulted
in a decreased virulence in animal models of sepsis and endocarditis [46,48,86,88,89].
Unlike in the case of the Agr, there are no reports of ArIRS and MgrA mutants amongst
bloodstream S. aureus isolates, making it a promising universal treatment target. However,
as with every regulator controlling multiple genes, the S. aureus strain-specific effects must
be considered. For example, depending on virulence factors present in the strain, inactivation
of the ArIRS — MgrA cascade might either decrease or increase S. aureus attachment to host
cells [86,90]. Therefore additional research on ArlIRS — MgrA regulatory mechanisms and
potential for therapeutic targeting across diverse S. aureus strains is needed.
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Conclusions

Despite advanced understanding of pathogenesis of S. aureus sepsis and endocarditis, there
are still no good preventive measures available, and treatment is still mostly limited to
antibiotic administration, supportive (intensive) care, and surgical interventions. Focusing on
intracellular S. aureus, and on its interactions with host coagulation system and endothelium,
are among the most promising treatment avenues. However, increasing evidence points to
strain- and host-dependent differences in mechanisms of S. aureus bloodstream infections.
This suggests future advances will likely be in personalized and precision medicine, where
interventions would be tailored to particulars of the infecting bacterial strain and host
responses. Recent successful attempts to divide sepsis into several phenotypes in order to
administer different treatments shows that even fairly simple subdivisions of this
heterologous entity might benefit patient care [70]. This might be especially important in
context of public health, individuals with low socioeconomic status, or of developing
nations, where “full-scale” personalized medicine will likely remain prohibitively costly
[91-93]. An alternative and promising approach to therapeutic development is to focus on
the gene regulation in S. aureus. As coordinated expression of virulence genes remains
necessary in all stages of infection irrespective of other strain peculiarities, targeting
regulatory systems could be a potential way to design universal anti-S. aureus therapies.
Additional insights will be hopefully gained thanks to increasing use of “humanized” mice
models, which allow the study of human-specific S. aureus virulence factors that are inactive
in normal rodent models [94].
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Highlights

. Phagocytes play both protective and detrimental roles in containing
bloodstream S. aureus.

. S. aureus hijacks the host coagulation system and uses it to bind host
endothelium.

. Strategies used by S. aureusto cause host damage are highly strain-
dependent.

. Multiple regulatory systems control S. aureus bloodstream infections,

including Agr, ArIRS and MgrA.
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Figure 1. The role of the immune system in clearance and systemic spread of S. aureusin the
bloodstream.

S. aureusis initially cleared from the bloodstream by Kupffer cells (liver macrophages).
While Kupffer cells can Kill the majority of phagocytosed bacteria, a small fraction of S.
aureus survives and proliferates intracellularly, eventually Killing the cells and being released
back into the bloodstream and peritoneum. Subsequently, S. aureus is phagocytosed by
neutrophils in liver circulation and by peritoneal macrophages. If these host cells fail to kill
bacteria, they turn into “Trojan Horses”, carrying intracellular S. aureus throughout the body
and causing a disseminated infection.
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Figure 2. Virulence mechanisms of S. aureus inside the bloodstream.
After entry into the bloodstream, S. aureus hijacks the host coagulation system to create

clumps of individual bacteria cross-linked by and surface coated with host fibrinogen (A).
Inflammation causes endothelial cells to surface display various adhesive molecules (e.g.
von Willebrand factor, vWf), which act as anchors for S. aureus aggregates with platelets
and for incoming immune cells potentially carrying intracellular bacteria (B). In areas where
endothelial cells are damaged, the underlying collagen-rich matrix is exposed, binding
circulating vWf and initiating coagulation, which results in deposition of fibrin clots. The
display of collagen, vWf and fibrin allows adhesion of circulating S. aureus cells and clumps
(C). Clumps of S. aureus attached to endothelium secrete toxins (e.g. alpha-toxin and
superantigens) that further activate inflammatory signaling in endothelium or cause its direct
damage (D). Secreted alpha-toxin also poisons nearby platelets, causing their aggregation
and formation of microthrombi, potentially clogging smaller vessels (E).
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Figure 3. S. aureus gene regulation in bloodstream infection.

When S. aureus remains planktonic in the bloodstream, the local concentration of quorum-

sensing autoinducing peptide (AIP) remains low, additionally quenched by serum
apolipoproteins. This keeps the Agr system turned off, resulting in high expression of
surface proteins responsible for attachment to host surfaces, and a low level of toxins. When
S. aureus finds itself in clumps or inside cells, the local high concentration of secreted AIP
causes Agr system to activate, increasing toxin levels that target host tissues and immune
cells, and decreasing surface adhesins (A). When the ArIRS — MgrA cascade remains active,
it suppresses production of giant surface proteins (allowing for normal activity of surface
adhesins in fibrinogen-mediated clumping and adhesion to host tissues) and drives secretion
of immune-evasion factors. When the ArlIRS — MgrA cascade is off, the secretion of immune
evasion factors decreases, and derepressed giant surface proteins shield neighboring surface
adhesins, blocking them from mediating clumping or adhesion to host tissues (B).
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