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Summary
The haemostatic system is heavily involved in the host response to infection. A number of host
haemostatic factors, notably plasminogen and fibrinogen have been reported to bind and interact
with various bacterial proteins. This review summarises the roles of host haemostatic factors such
as plasminogen, factor V and fibrinogen in host defence against group A streptococcus infection
and discusses the potential of targeting the host haemostatic system for therapeutic intervention
against infectious diseases.

Keywords
Group A Streptococcus; haemostatic factor; antimicrobial therapy

Introduction
Infectious diseases have been major health threats throughout human history. The discovery
and broad use of antibiotics over the last century have greatly decreased the mortality from
bacterial infectious diseases and increased overall life span. However, antibiotic resistance
had been on the rise recently and is threatening to derail the progress made in eradicating
infectious diseases [1]. Even in the 1940s, when antibiotic use was restricted to the clinic,
resistance had already emerged [2]. While nearly all major pathogens have developed
resistance to antibiotics, the developmental pipeline for new antibiotics is nearly dry [3–5].
A key to developing urgently needed new therapies is likely to lie in understanding the
molecular mechanisms of the pathogen host interaction.

An infection begins when a bacterium gains entry into the host through one of many routes,
including the skin, nasopharynx, and the gastrointestinal or urogenital tract. Bacterial
pathogens produce an array of surface and secreted proteins that assist in eluding host
defence mechanisms. While the role of the innate and adaptive immune systems has been
well studied, the key contribution of the host haemostatic system is often overlooked.
Disruption of haemostatic balance is a hallmark of infection/inflammation, and severe
thrombosis and/or bleeding are common complications of bacterial infection [6,7]. In
addition, a number of recent studies have demonstrated that the haemostatic system is much
more than a passive bystander in the host response to bacterial invasion [7–11].
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Plasminogen in the host/pathogen interaction during group A
streptococcal (GAS) infection

The central mediator of the fibrinolytic system is plasminogen, a proteinase zymogen that is
cleaved by plasminogen activators into its active form, plasmin, which subsequently
degrades the fibrin thrombus. Host plasminogen is exploited by a number of bacterial
pathogens. Borrlelia burgdorferi, the agent causing lyme disease, binds plasminogen,
facilitating its conversion into plasmin by host-specific plasminogen activators [12,13]. Pla,
a protease produced by Yersinia pestis is a potent human plasminogen activator. A Y. pestis
pla knockout strain demonstrates markedly diminished virulence in a subcutaneous infection
model in the mouse [14]. Pla is also required for primary pneumonic plaque [15] and for
development of the bubonic form of the disease [16]. Staphylococcus aureus also produces a
plasminogen activator, staphylokinase, which has been shown to enhance bacterial
resistance to phagocytosis by interacting with HNPs (human neutrophil peptide) [17,18]. It
was reported that staphylokinase could block the plasminogen activation by endogenous
activators uPA and tPA, leading to further deterioration of the fibrinolytic system during
infection [19].

Perhaps the best-characterised bacterial plasminogen activator is streptokinase (SK), which
is produced by the common human pathogen, group A streptococcus (GAS) (Streptococcus
pyogenes). S. pyogenes can cause a variety of human infections from mild conditions, such
as tonsillitis, scarlet fever and impetigo to life-threatening invasive diseases, such as
streptococcal toxic shock-like syndrome and necrotising fasciitis [20]. S. pyogenes is
estimated to cause over 700 million cases of infection globally each year [21]. Tillett and
Garner first demonstrated that lysis of a fibrin clot by an isolate from a human streptococcal
infection. However, isolates from veterinary streptococcal infections failed to exhibit
fibrinolytic activity against human fibrin [22]. SK was subsequently shown to be responsible
for this fibrinolytic activity [23]. SK can form a complex with human plasminogen, which
can hydrolytically activate other plasminogen molecules into plasmin. Furthermore, this
complex is also resistant to the inhibitor α2–antiplasmin [24]. In addition, fibrinogen can
also bind the streptokinase-plasminogen complex to form a trimolecular complex, which can
capture and activate circulating plasminogen [25,26].

Over the years, a number of streptococci have been shown to produce streptokinases that are
host-specific plasminogen actors [27]. Taken together with the observation that GAS is a
strictly human pathogen, the SK/plasminogen interaction was proposed to play a role in the
host-specificity of GAS infection [28]. Khil et al coinjected purified human plasminogen
and GAS subcutaneously into mice, and observed a dramatic increase in mortality and skin
lesion area [29]. Further insight has come from studies in a humanised mouse model for
GAS infection [30]. We established a transgenic (Tg+) mouse line producing ~17% of the
level human plasminogen in mouse plasma of that observed in normal human plasma. Tg+
mice demonstrated significantly increased mortality to GAS infection compared to wild type
mice, suggesting that plasminogen plays a critical role in GAS pathogenicity. To further test
whether the transgene expressed human plasminogen functioned in this GAS infection
model through its interaction with SK, Tg+ and littermate wild type controls were infected
with a GAS strain in which the SK gene had been inactivated, essentially abolishing the
increased mortality observed in Tg+ mice infected with SK+ strains [30].

In addition to the plasminogen activator, SK, several GAS surface proteins have been
identified as plasminogen receptors that bind plasminogen directly [31]. Plasminogen-
binding group A streptococcal M-like protein (PAM), binds human plasminogen/plasmin
with high affinity and is expressed from the same gene locus (emm) as M protein in the M53
GAS strain [32,33]. PAM-related protein (Prp) is another high affinity plasminogen binding
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M protein isolated from a severely invasive GAS infection strain (S. pyogene emm 98.1)
[34]. M protein is a multifunctional virulence factor and also interacts extensively with the
host haemostatic system.

Human plasminogen Tg+ mice also demonstrated markedly increased mortality compared to
littermate controls following infection with a PAM-positive GAS strain, which expressed
low level of SK. When these mice were infected with a PAM-negative GAS strain, which
also expressed low level of SK, the increased susceptibility in Tg+ was also largely
abolished [30]. In similar studies, Prp was mutated to have attenuated capacity for
plasminogen binding and surface plasmin accumulation. The mutant GAS strain
demonstrated a significantly decreased virulence in human plasminogen Tg+ mice in
comparison to the isogenic wild type strain [35]. The ability of PAM/Prp to bind
plasminogen/plasmin on the GAS surface provides another mechanism to exploit host
fibrinolytic system for bacterial invasion.

In addition to PAM and Prp, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) [36] and
α-enolase (SEN) [37] have also been identified as plasminogen receptors. GAPDH is a
multi-functional protein that binds to host plasminogen and C5a. GAPDH is involved in
anti-phagocytosis likely by binding and inhibiting C5a’s chemotactic function and also
mediates bacterial adhesion to host pharyngeal cells by binding receptor uPAR (urokinase
plasminogen activator receptor/CD87) [38–40]. SEN is a metalloenzyme that is widely
distributed in many organisms from bacteria to vertebrates. SEN is found on the surface of
many eukaryotic cells such as monocytes, T cells, B cells, neuronal cells and endothelial
cells [41]. GAS SEN is an octomeric molecule, which interacts with plasminogen though a
combination of a C-terminal lysine residues and an internal plasminogen binding site
containing lysines at amino acid position 252 and 255 [42]. The role of SEN in GAS
infection is proposed to facilitate tissue invasion similar to SK [41].

Thrombosis as a host defence mechanism to contain GAS infection
The activation of the host fibrinolytic system by an invading pathogen may facilitate
penetration through tissue barriers, including local thrombosis and microvessel occlusion
resulting from the inflammatory response [8,43]. To test this hypothesis, we analysed mice
with genetic alterations in several coagulation factors for their susceptibility to GAS
infection [44].

The first set of experiments tested the effect of levels of plasma or platelet FV on host
susceptibility to GAS infection. FV is distributed mainly in plasma and platelet pools. In
previous studies, transgenic mice were generated to express FV at different levels in either
the plasma or platelet pool [45] and were subjected to GAS infection.

Transgenic mice with low plasma FV (~15%) and deficiency in platelet FV demonstrated
significantly increased mortality to GAS infection than littermate controls. Furthermore,
transgenic mice with higher plasma FV (~45%) and a deficiency in platelet FV also
demonstrated higher mortality to GAS infection than littermates, even though the level of
plasma FV was similar to F5+/−(50%) littermates, suggesting a unique role of platelet FV
in host defence against GAS infection [44]. The role of platelet FV in host defence could be
due to the more procoagulant properties of platelet FV as platelet FV possesses higher
prothrombinase cofactor activity and is more resistant to activated protein C (APC) [46]. In
addition, it was also observed that significantly higher mortality was observed in mice with
lower plasma FV level, suggesting susceptibility to GAS infection depending on quantitative
level of thrombin generation. In addition, mice with low levels of platelet FV (~3%) and
deficiency in plasma FV also demonstrated increased mortality to GAS infection [44]. Given
that lower plasma FV level resulted in delayed and decreased thrombin generation [47],
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these result suggested that thrombin generation is critical for host defence against GAS and
potentially other pathogens [44].

In addition to its critical role in generating fibrin, thrombin’s other functions include platelet
activation, activation of the protein C anticoagulant pathway, and triggering cell signalling
pathways, which could all influence the host response to infection. To distinguish the fibrin
generating function of thrombin from its other potential roles in host defence, mice deficient
in fibrinogen were studied for their susceptibility to GAS infection. Mice completely
deficient in fibrinogen exhibited markedly increased susceptibility to GAS infection
compared to wild type littermate controls [44]. Similar results were observed in wild type
mice following depletion of plasma fibrinogen by Ancrod treatment [30].

In addition to providing the substance of the thrombus, fibrinogen modulates leukocyte
functions through binding to the leukocyte integrin receptor, Mac-1. A genetically
engineered mouse expressing a mutant form of fibrinogen lacking the αMβ2-binding motif
for Mac-1 exhibits a severely compromised inflammation response, but retains normal
coagulation function [48]. When challenged with GAS infection, these mice demonstrated a
delayed and less severe mortality pattern compared to fibrinogen-deficient mice, suggesting
that both fibrin thrombus formation and the leukocyte adhesive function of fibrinogen are
important in host defence from GAS [44].

Based on these studies, we have proposed the model shown in Figure 1. When microbial
pathogens such as GAS invade, the host procoagulant/inflammatory response generates local
thrombosis, which serves as a physical barrier to wall off the invading bacteria and prevent
systemic spread. There are multiple GAS factors that can initiate the host’s response. For
example, M protein can bind and assemble factors of the host contact system (intrinsic
pathway of coagulation) on the surface of the bacterium, and release bradykinin, which is a
potent inflammation factor; both can lead to activation of the coagulation system [11,49].
Furthermore, it has been shown that M protein is a powerful inducer of inflammation,
platelet activation and thrombosis in severe GAS infection, which contributes to various
pathophysiological consequences [50,51].

An evolutionary arms race has ensued between host and pathogen, leading to the generation
of pathogenicity factors such as streptokinase that hijack the host fibrinolytic system to
overcome this physical barrier. In addition to generating circulating plasmin by secreting
streptokinase, GAS also recruits plasminogen/plasmin to its surface by either directly
binding plasminogen/plasmin through plasminogen receptors or through binding the
trimolecular complex of fibrinogen-plasminogen-streptokinase. Clinical isolates from
invasive human infections have been shown to assemble this trimolecular complex on the
GAS surface more efficiently than isolates from uncomplicated infection [52]. Fibrinogen
can bind to the GAS surface M proteins and M-related proteins to provide a binding site for
streptokinase-plasminogen complex on the GAS surface to activate circulating plasminogen
[53,54]. Fibrinogen fragment D has been shown to be the anchor of the surface
plasminogen-activating complex [54]. The trimolecular complex formed with fibrinogen,
streptokinase and plasminogen on the surface of GAS can generate plasmin [28,55]. The
plasmin-coated bacteria can break the physical barrier to disseminate [8,31]. This model
predicts that weakening of the host coagulation system through genetic or acquired
coagulation factor deficiency will also weaken host defence.
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Haemostasis as a therapeutic target for the treatment of infection related
disease

Studies have shown that fibrinogen not only is involved in the host inflammatory response
to infection [56], but also interacts extensively with GAS proteins. For example, GAS
produces M protein to bind fibrinogen to evade phagocytosis [57,58]. It has also been shown
that M protein forms a complex with fibrinogen and activates polymorphonuclear
neutrophils to release heparin-binding protein, leading to vascular leakage and pulmonary
damage, contributing to streptococcal toxic shock-like syndrome [59]. By binding
fibrinogen, M and M-related protein can also anchor the trimolecular fibrinogen,
plasminogen and streptokinase plasminogen activating complex to bacteria surface to
facilitate invasion. M protein also binds other plasma proteins such as fibronectin,
complement regulatory protein, immunoglobulins and albumin [60], though it is difficult to
distinguish the contribution of M protein to fibronectin binding from other high affinity
GAS fibronectin binding proteins [49].

It has also been shown that the host contact system can be activated by GAS proteins [11].
Severe bacterial infection may cause systemic activation of the contact system, leading to
high levels of bradykinin, consumption of contact factors and inflammatory reaction [61].

A number of GAS proteins have been identified that bind human fibrinogen, fibronectin and
complement regulatory protein C4BP in a protein microarray study [62]. It appears that
GAS interacts with the host haemostatic system extensively to facilitate the establishment
and spread of the pathogen, lead to various symptoms of infectious diseases.

The studies described above suggest that common polymorphic variations in human
haemostatic factors may affect host susceptibility to infectious disease. For example, FV
Leiden is a prevalent prothrombotic mutation of FV in populations of European origin that
renders activated FV protein highly resistant to APC cleavage. FV Leiden was demonstrated
to improve the survival rates in severe sepsis patients [63,64]. Furthermore, mice carrying
one copy of FV Leiden mutation also exhibited higher survival rates in a LPS sepsis model
at doses of LPS where half of the mice died from LPS [63]. However, at doses lower or
higher, no significant protection was observed [65]. In a Danish population study, the FV
Leiden mutation was associated with decreased risk for urinary-tract infection, increased
risk for skin infection and increase mortality from sepsis [66]. No significant difference was
observed in the outcome when wild type, FV Leiden heterozygote and homozygote mice
were challenged with live E. coli in a sepsis peritonitis model [67]. The protective effect of
FV Leiden in severe sepsis was ascribed to increased thrombin generation due to the
mutation. The higher thrombin generation would lead to increased APC production, which
was beneficial to survival in severe sepsis [63]. However, no increase in APC levels was
detected in human FV Leiden carriers and the increase in mice was marginal comparing to
wild type [65]. As a result, the mechanism of FV Leiden’s roles in severe sepsis is still
unclear [68].

The above studies demonstrate the level of complexity of the effect of polymorphic variation
in haemostatic factors on host susceptibility to infectious diseases. More extensive genetic
and epidemiological studies on association of haemostatic factor mutations with
susceptibility to infectious diseases will not only deepen our understanding of the
mechanism of infectious diseases, but also lead to novel therapeutic approaches to treat and
care for patients suffering from various bleeding, thrombotic and infection related diseases.

These studies suggest that the host haemostatic system could be mined for potential
therapeutic targets to treat infection and related diseases. Natural anticoagulants, including
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antithrombin, tissue factor pathway inhibitor (TFPI) and APC have been extensively studied
as potential treatments for sepsis and the overwhelming inflammatory reaction associated
with severe infection [69]. Only APC has been demonstrated to improve survival in severe
sepsis and is currently approved for clinical use [70]. The function of APC in the treatment
of sepsis is thought to be related to its function(s) in modulating host response to infection,
rather than the host/pathogen interaction. Inhibitors of the contact system have also been
developed to treat sepsis [61]. An antagonist of kinin receptor B2R was used in a clinic trial
with no significant effects on risk-adjusted 28 day survival rate [71].

In contrast, the interaction of bacteria with the host haemostatic system has not yet been
actively targeted as a therapeutic strategy. One early experiment in this aspect was to use a
synthetic peptide from domain 5 of high molecular weight kininogen (HK), which binds to
the bacterial surface, to treat mice infected with invasive GAS [72]. The peptide was able to
inhibit activation of the contact system and protect mice from lung damage. In addition, the
peptide, in combination with an antibiotic, significantly prolonged survival time and
increased the survival rate of infected mice, suggesting great potential in targeting host
pathogen interactions in treating infection related diseases [72]. Such approaches could
inhibit the entry and/or establishment of the pathogen in the host, mitigating disease
symptoms and potentially complementing existing antibiotic therapies, given the different
mechanisms of action. Combination of such novel classes of antimicrobial reagents with
conventional antibiotics could potentially extend the shelf life of current antibiotics and
delay the development of resistance.
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Figure 1.
Simplified model of how GAS hijacks the host fibrinolytic system to facilitate invasion. A)
At the site of GAS infection, rigorous procoagulant and inflammatory response will be
initiated to release cytokines and activate coagulation system. Local thrombosis and
microvascular occlusion will wall off bacteria from systemic spread. An example is given as
to how a GAS virulence factor, M protein, can activate the intrinsic pathway of coagulation
and also release a potent inflammation stimulant bradykinin to promote a host response. B)
GAS produces the plasminogen activator streptokinase (SK) to form a SK/plasminogen
complex, which will activate circulating plasminogen to plasmin. The SK/plasminogen
complex is resistant to host fibrinolysis inhibitors such as α2-antiplasmin. Additionally,
GAS also recruits the fibrinogen/SK/plasminogen complex by binding fibrinogen through M
or M-related proteins or binding plasminogen/plasmin directly through plasminogen
receptors. As a result, the bacteria are able to overcome local thrombosis to spread
systemically.
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