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Abstract

Group A Streptococcus (GAS) express an arsenal of virulence factors that
interact with the host haemostatic system. Streptokinase (SK) from GAS
activates human plasminogen, which degrades fibrin clots to facilitate bacterial
dissemination. GAS strains have been divided into evolutionary clusters based
upon SK sequence variation. Unlike Cluster 1 SK, Cluster 2 variants have very
little activity against plasminogen alone and depend on stimulation by co-factors
(e.g., fibrin(ogen)). Cluster 2 SK variants also appear to correlate with cell-
surface M-like proteins: SK2a with M1 (fibrinogen-binding) and SK2b with PAM

(plasminogen-binding).

We have shown that plasminogen activation rates using rSK2b are stimulated
by rPAM following a template model, suggesting rPAM binding sites are present
on rSK2b. Maximum stimulation was found using immobilised rPAM indicating
an important role for cell-surface plasmin generation by rSK2b. M1 is known to
be cleaved from GAS cell-surface and form a supramolecular complex with
fibrinogen, capable of activating neutrophils and platelets creating a
hypercoagulable state. Fibrin was the most potent stimulator of rSK2a activity,
and fibrin(ogen) stimulation of rSK2a was independent of rM1. The impact of
rM1-bound fibrinogen on fibrin clot formation was investigated using
microscopy, permeation assays and thromboelastometry, which revealed
increasing rM1 produces heterogeneous clots with irregular fibre bundles,
compacted fibrin with increased porosity and susceptibility to lysis. rM1 also
disrupted the formation of the protective fibrin film and reduced mechanical clot
strength. M1-bound fibrinogen at infection sites may contribute to the severity of
infection by forming fibrin clots with a compromised protective film, that are

mechanically weaker, more porous, and less resistant to lysis by plasmin.



Currently no vaccine exists for GAS and reduced susceptibility to antibiotics has
been observed. Targeted therapies against M1 and SK (or to counter the
haemostatic processes they interrupt) could provide a novel therapeutic

strategy for treating GAS diseases and sequalae.
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Chapter 1 Introduction

1.1 Physiological Haemostasis

Haemostasis is a tightly regulated process requiring a delicate balance between
coagulation (intrinsic and extrinsic pathways), anticoagulation and fibrinolysis to
prevent excessive thrombosis or bleeding upon vascular injury. There are two
main stages of haemostasis, primary and secondary. Primary haemostasis
refers to platelet aggregation and initial platelet plug formation in response to a
disrupted or damaged blood vessel. Secondary haemostasis is the proteolytic
activation of circulating coagulation factors with the ultimate goal of fibrin
formation to stabilise the blood clot, control bleeding and prevent microbial
invasion (Gale, 2011); the first principles of which were described in 1964 when
Davie and Ratnoff outlined the cascade of proenzymes, describing the
activation of serine proteases downstream as a waterfall (Davie and Ratnoff,

1964).

1.1.1 Primary haemostasis

Under normal circumstances and blood flow, platelets circulate in the
bloodstream for 5-7 days at ~150-450 x 10%L and do not adhere to surfaces or
aggregate together. Due to the shear forces within the blood vessel and
presence of the blood components, platelets flow within close proximity to the
vessel wall which allows platelets to react quickly upon injury. Platelets respond
to vascular injury in several stages; beginning with immediate adhesion to the
exposed subendothelial extracellular matrix to limit haemorrhage. Under shear

pressure, adhesion occurs via von Willebrand binding factor (vVWF) forming a



bridge between subendothelial collagen and platelet glycoprotein Ib-IX-V
complex (GPIb/IX/V complex) on the platelet surface. The exposed collagen
also binds directly to platelet integrin a231 and glycoprotein VI (GPVI). As VWF
binds to collagen, it is the shear stress of the flowing blood that exposes cryptic
binding sites on VWF Al domain for GPIb (part of the GPIb/IX/V complex). This
leads to platelet activation and degranulation occurs to release a-granules and
dense granules. Platelets begin to aggregate forming a vascular seal. Activated
platelets change their shape from a discoid shape to elongated cells to
maximise the subepithelial surface coverage and allow a tight fit. Platelet
aggregation is strengthened by connections between the platelet receptor
allbB3 bound to fibrinogen, VWF, fibronectin or vitronectin (Pryzdial et al., 2018,
Holinstat, 2017, Yun et al., 2016, Clemetson, 2012). The platelet plug is then

stabilised by an insoluble fibrin scaffold, generated by secondary haemostasis.

1.1.2 Secondary haemostasis

The coagulation cascade has been traditionally classified into the intrinsic and
extrinsic pathways, both of which join at the common pathway during factor X
activation. Figure 1 demonstrates a schematic diagram of these two
mechanisms for blood clotting initiation. Each zymogen in the cascade is
depicted as a Roman numeral, with a lower case ‘a’ once the protein has been

proteolytically converted to the active enzyme.

1.1.2.1 Extrinsic pathway

The extrinsic pathway is triggered upon exposure to a transmembrane protein
known as tissue factor (TF) following vascular injury (Grover and Mackman,
2018). TF is a glycoprotein, expressed by a wide variety of cells including
adventitial cells surrounding all blood vessels, in keratinocytes in the skin, and

in a variety of epithelial layers (Drake et al., 1989, Wilcox et al., 1989, Fleck et



al., 1990). Furthermore, TF expression is particularly abundant in anatomic sites
where haemorrhage is likely to be fatal to the host, such as the kidneys and
brain (Fleck et al., 1990, Drake et al., 1989). Circulating blood cells and cells
that are exposed to blood, do not normally express TF to prevent inappropriate

activation in a healthy individual (Wilcox et al., 1989).

TF binds to either the circulating zymogen coagulation factor FVII (FVII) or the
active form FVlla with a high affinity, resulting in a 1:1 stoichiometry. FVII is
rapidly converted to FVlla by TF through the cleavage of a single peptide bond
(Nemerson and Repke, 1985). The TF:FVlla complex then proteolytically
cleaves coagulation factor X (FX) into its active form, FXa, which along with
activated coagulation factor V (FVa) can trigger the formation of thrombin as
described in section 1.1.2.3. The TF:FVIla complex can be inhibited by tissue
factor pathway inhibitor (TFPI), which exists as two isoforms; TFPla and TFPIf

(Piro and Broze, 2005).

1.1.2.2 Intrinsic pathway

The intrinsic pathway, or contact pathway, is known to be activated in vitro by
contact with negatively charged surfaces such as ellagic acid, glass and
diatomaceous earth (Colman and Schmaier, 1997). These non-physiological
modes of activation are commonly used in clinical plasma clotting tests known
as the activated partial thromboplastin time (aPTT). The assay is routinely used
as a diagnostic tool to screen for coagulation defects in the intrinsic pathway,
such as haemophilia A (FVIII deficiency), B (FIX deficiency) or C (FXI
deficiency). More recently, in vivo candidate activators of the intrinsic pathway
have been proposed; such as extracellular nucleic acids (Kannemeier et al.,
2007), inorganic polyphosphate (polyP) (Muller et al., 2009) and bacterial

surface proteins (Herwald et al., 1998, Nickel and Renne, 2012).
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Figure 1 Schematic representation of coagulation, fibrinolysis, and natural inhibitors. The coagulation cascade has been traditionally
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Following binding to surfaces, FXIl undergoes a conformational change leading
to autoactivation. FXlla cleaves prekallikrein (PK) to generate active kallikrein;
which in turn activates additional FXII in a positive feedback loop (Muller et al.,
2011). Kallikrein, a trypsin-like serine protease, simultaneously cleaves high-
molecular-weight kininogen (HMWK), releasing bradykinin, which stimulates the
release of tissue plasminogen activator (tPA). Activated FXlla converts FXI to
FXla, which then activates FIX to FIXa. FIXa then forms an ‘intrinsic tenase’
with FVllla, which activates FX to FXa, before the intrinsic and extrinsic
pathways converge at the common pathway (section 1.1.2.3) (Smith et al.,
2015). Recently, a new branch of the intrinsic coagulation cascade has also
been identified. Kearney et al., and others have demonstrated that kallikrein can
activate FIX directly, thus bypassing FXI (Kearney et al., 2021b, Visser et al.,
2020, Noubouossie et al., 2020). The intrinsic pathway is regulated by C1-
inhibitor, which is a protease capable of inhibiting FXIlla, kallikrein and FXla

(Zeerleder, 2011).

Whilst the intrinsic pathway is known to play an important role in clot formation
in vitro, it has not been well characterised in vivo. Humans and mice with FXII
deficiencies do not bleed abnormally, despite having prolonged aPTT times
(Ratnoff and Colopy, 1955). Furthermore, individuals lacking PK or HMWK do
not have impaired coagulation and are only diagnosed upon routine screening
(Renne et al., 2012). This has caused much debate over the contribution of the
intrinsic pathway to normal haemostasis and led to the hypothesis that the
extrinsic (TF) pathway is the main pathway that initiates fibrin formation in vivo.
This is supported by data that shows decreased levels of TF in murine models

leads to an increase in bleeding (Monroe et al., 2010) and a complete absence
5



of TF is fatal, indicating TF is essential for development and survival (Mackman,

2004).

The intrinsic pathway is however very important in inflammatory response and
host defence due to the release of the proinflammatory neuropeptide,
bradykinin. Bradykinin causes vasodilation, enhanced vascular permeability and
vascular leakage in blood vessels (Shigematsu et al., 2002, Han et al., 2002,
Proud and Kaplan, 1988). Furthermore, the intrinsic pathway produces PK,
which can activate the alternate complement pathway by proteolytic activation
of factor C3 (DiScipio, 1982). PK can also activate pro-urokinase or

plasminogen and initiate fibrinolysis (Maas et al., 2011, Ichinose et al., 1986).

1.1.2.3 Common Pathway

The intrinsic and extrinsic pathways converge at the common pathway where
FX is converted to FXa. FXa forms a prothrombinase complex with FVa which
proteolytically converts prothrombin to thrombin (Adams and Huntington, 2016).
Thrombin is a multifunctional serine protease and is considered to play a key
function in haemostasis. Thrombin converts soluble fibrinogen to insoluble fibrin
(as described in section 1.1.3) and enhances its own generation through the
activation of FV, FVIII and FXI in a positive feedback loop, resulting in a large
thrombin ‘burst’. Thrombin also activates FXIIl to FXIlla, a member of the
transglutaminase family of enzyme, which crosslinks and stabilises fibrin clots.
Overall, thrombin has been found to have 13 different roles in haemostasis
(Lane et al., 2005, Posma et al., 2016). Thrombin activity is inhibited directly by
antithrombin, a member of the serine protease inhibitor (serpin) family. When
thrombin is bound to its cofactor thrombomodulin, an endothelial cell thrombin

receptor, it is capable of activating protein C, which along with its cofactor,



protein S, proteolytically inactivates FVa and FVllla (Crawley et al., 2007).

Therefore, thrombin also aids in its own attenuation.
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Figure 2 Structure of human fibrin(ogen) (A) Crystal structure of approximately two thirds
of human fibrinogen has been shown by X-ray crystallography (PBD Entry: 3GHG). Aa chains
are highlighted in red, BB chains in blue and y chains in green. Additional portions of the
structure highlighted in grey, such as knobs ‘A’ and knobs ‘B’, have been computationally
reconstructed and have not been resolved by X-ray crystallography. (B) Schematic of
fibrin(ogen) structure held together with 29 disulphide bonds (yellow), with the y-y crosslinking
sites highlighted (Imaged reused from (Zhmurov et al., 2016) with permission from Elsevier
Ltd; Licence number: 5141310838873)

1.1.3 Fibrin(ogen) structure

Human fibrinogen is a 340-kDa glycoprotein, which circulates in the blood at 2-
4 mg/ml. Structural data collected from X-ray crystallography, transmission
electron microscopy and atomic force microscopy has demonstrated that
fibrinogen monomers are trinodular, elongated, 45 nm in length and ~2-5 nm in
diameter (Weisel et al., 1985, Williams, 1981, Fowler and Erickson, 1979, Hall
and Slayter, 1959). More than two thirds of the human fibrinogen structure has
been resolved by X-ray crystallography to date (Madrazo et al., 2001, Brown et
al., 2000, Yee et al., 1997, Spraggon et al., 1997) and the unresolved portions
have been computationally reconstructed (Figure 2A, (Zhmurov et al., 2016)) to

gain a complete molecular structure. Fibrinogen is composed of two sets of



three distinct disulphide- linked polypeptide chains, appointed Aa, B and v,
which consists of 610, 461 and 411 amino acids, respectively (Weisel, 2005)
(Figure 2). The six fibrinogen chains are in a complex with their N-terminal in a
central ‘E region’ which extends outward in a coiled-coil E domain consisting of
a triple a-helical structure. The coiled-coils contain a hinge point, located near
the residue yAsn52 (Figure 2B), which determines the flexibility of fibrinogen
molecules both in solution (Zuev et al., 2017) and bound to a surface (Kohler et
al., 2015). The C termini of the Bf and y chains form globular regions known as
BC and yC modules, respectively. These nodules were named the D regions.
The C termini of the Aa chains extend from the D region by approximately 400
amino acids, forming a highly flexible series of repeats followed by a globular
aC region. Due to the flexible nature of these regions they could not be resolved
by crystallography, however Protopopova et al. obtained images using high
resolution atomic force microscopy (Protopopova et al., 2015, Protopopova et
al., 2017). The nomenclature representing the fibrinogen polypeptide chain as
(Aa B y)2 arises from the designation of the fibrinopeptides A and B (FpA and
FpB) on the N-terminal ends of the Ao and B3 chains, respectively (Medved et

al., 2009).

1.1.3.1 Fibrin clot polymerisation

During coagulation, fibrin polymerisation and arrangement is stimulated upon
cleavage of the 16-residue FpA and 14-residue FpB chains of fibrinogen, from
the N-terminal Ao and B3 chains, respectively. In solution, FpA is initially
cleaved at a faster rate than FpB producing fibrin monomers. The enzymatic
cleavage of FpA exposes a new glycine (Gly)-proline(Pro)-arginine(Arg) motif
(knobs ‘A’ in the central E region, Figure 2), which binds with a high affinity to

holes ‘a’ of neighbouring fibrin monomers ‘D regions’ (Erickson and Fowler,



1983, Yang et al., 2000, Kostelansky et al., 2002). The holes ‘a’ are located on
the y-chains between residues y290-379 and include the amino acids yAsp364,
yArg375, yHis340, yGIn329 and yLys338 (Everse et al., 1998, Litvinov et al.,
2021). The complementary ‘A:a’ knob: hole interactions between the molecules
results in the formation of a half-staggered fibrin dimers (Figure 3). A third fibrin
monomer joins the half-staggered molecule producing an end-to-end junction,
where the lateral D regions form the D:D interface. The D:D interactions,
involving residues y275, y308 and y309, are weak and are the first to break
apart in the fibrin structure (Zhmurov et al., 2011, Mullin et al., 2002, Marchi et
al., 2006, Bowley et al., 2009, Hirota-Kawadobora et al., 2004). Additionally, at
the inter-strand D:E:D interfaces, residues aVal20-Lys29 (adjacent to the knob
‘A’ sequence) interacts with residues yAsp298-Phe304, yAsn319-Asn325, and
yGIn329 in the y-nodule next to hole ‘a’. There are also binary contacts between
residues aLeu54, aGlu57, aPhe62, aArg65, yGIn33, yAsp37, and yGIn47 in the
coiled-coil region and yGIn329-Asp330 in the y-nodule (Zhmurov et al., 2016).
Fibrin monomers continue to join longitudinally to the two- stranded trimer
oligomers. The oligomers begin to aggregate laterally once they reach a length
of 0.5-0.6 ym, containing 20-25 half-staggered fibrin monomers, forming

protofibrils (Chernysh et al., 2011).

As the fibrin assembles, the rate of FpB release increases, reaching maximum
when polymerisation is almost complete suggesting that FpB is preferentially
released from polymers (Weisel et al., 1993, Erickson and Fowler, 1983).
However in surface attached fibrinogen, FpB is cleaved at a faster rate than
FpA (Riedel et al., 2011) suggesting that the increased rate is due to the
conformation of fibrinogen and the accessibility of thrombin to the

fibrinopeptides. Despite these observations, the physiological role for B:b
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interactions remains unclear. It has been proposed that FpB plays a role in
lateral aggregation of protofibrils as it has been shown that when FpA is
cleaved, but FpB release is inhibited, the fibrin fibres are thinner (Blomback et
al., 1978). Additionally, B:b knob: hole interactions have been found to
contribute to the fibrin clots susceptibility to lysis by plasmin (Doolittle and

Pandi, 2006).

The flexible globular aC regions of fibrinogen have also been proposed to
enhance lateral aggregation of the fibrin protofibrils (Weisel and Medved, 2001,
Tsurupa et al., 2011) and have been shown to interact resulting in the formation
of aC polymers (Figure 3). Similar to B:b knob: hole interactions, when the aC
region was absent or shorter in length, the resultant clots had thinner fibres with
increased branch points and enhanced fibrinolysis suggesting impaired lateral
aggregation of the protofibrils (Collet et al., 2005, Ping et al., 2011, Protopopova
et al., 2017). However, in the absence of A:a or B:b knob: hole interactions the
aC regions interactions appear to be too unstable and did not show any signs of
polymerisation (Duval et al., 2020).

As the fibrin clot continues to aggregate laterally, forming thicker fibres, and
grow in length, the fibrin fibres also begin to branch forming a three-dimensional
network. There are two main types of branching points, ‘bilateral junction’ and
‘trimolecular junction’. A ‘bilateral’ junction can form when two protofibrils join to
form a four-stranded fibril before diverging into two separate protofibrils
(Mosesson et al., 1993). A ‘trimolecular junction’, also known as a ‘equilateral
junction’, forms when a fibrin monomer joins by only a single y-nodule, and can
begin the formation of a new two-stranded protofibril (Fogelson and Keener,

2010).
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A recent study from in vitro and in vivo experiments demonstrated that following
a skin wound, a fibrin film forms at the air-liquid interface. The film is a
continuous layer that covers the external surface of the clot, which is distinct
from the fibrin network underneath. The film is thought to form a protective layer
between the blood and the air, retain blood cells and provide the first line of

defence against microbial invasion (Macrae et al., 2018).

During and after polymerisation, the fibrin clot is stabilised by covalent
crosslinking from the plasma transglutaminase, factor Xllla. The D:D interface
between two fibrin monomers are cross-linked by an intermolecular e-(y-
glutamyl)-lysyl isopeptide bond between yLys406 of one y chain and
yGIn398/399 of another y chain. Additional crosslinking is catalysed between
lysine and glutamine residues in the aC regions within protofibrils and in the
inter-protofibril space (Matsuka et al., 1996). The a and y chains, but not 8
chains, can also be crosslinked resulting in the formation of a -polymers (McKee
et al., 1970) and a-y-heterodimers (Standeven et al., 2007). The covalent
crosslinking makes the fibrin polymerisation irreversible, and the fibrin clot
becomes mechanically stiff. Additionally, the incorporation of plasmin inhibitors,
az-antiplasmin (Sakata and Aoki, 1980) and plasminogen activator inhibitor-1
(PAI-1) (Ritchie et al., 2001, Ritchie et al., 2000), forms a mechanically and

chemically stable clot, that is more resistant to fibrinolysis.

Fibrinogen is a highly abundant plasma protein which plays many key roles in
haemostasis. Whilst its primary role is to provide a scaffold for blood clots, by
providing mechanical strength, fibrin also serves as a mesh for recruitment of
leukocytes to the point of injury. Therefore, fibrin(ogen) is also involved in
inflammation, angiogenesis and importantly microbial wound protection; through

entrapment within networks and the formation of a fibrin sheet on the surface of
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clots forming a physical barrier (Gaertner and Massberg, 2016, Kearney et al.,

2021a, Macrae et al., 2018).
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Figure 3 Fibrin(ogen) polymerisation and clot formation Fibrinopeptides are cleaved by
thrombin, exposing knobs A and B. Upon cleavage, knob-hole interaction between other
fibrin monomers, and dimers, occur giving rise to oligomers (a trimer is shown), which
elongates to produced two-stranded protofibrils composed of half-staggered molecules. The
protofibrils aggregate laterally to make fibres. The process is enhanced by interactions by
the aC regions and formation of the aC-polymers. Branch points initiate by the divergence
of two protofibrils and the splitting of each strand of a single protofibril. Imaged modified
from (Weisel and Litvinov, 2017) with permission from Springer Nature; Licence number:
5174140750828).
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1.1.4 Fibrinolysis

Fibrinolysis is the proteolytic breakdown of fibrin by the enzyme plasmin. As
with the coagulation cascade, fibrinolysis is a tightly regulated process involving
cofactors and inhibitors. Plasminogen is a 92 kDa zymogen of the serine
protease plasmin, an enzyme consisting of an N-terminal Pan-apple domain
(PAp; ~1-77), 5 Kringle domains (~78-542) and an active serine protease site
(562-791) (Law et al., 2012, Castellino and Ploplis, 2005). The Kringle domains
1, 2, 4, and 5 contain a DXD/motif, which is thought to mediate binding to fibrin
fibres, receptors on cell surfaces and activators or inhibitors via C- terminal
lysine residues. However, in the Kringle 3 domain, the motif contains a mutation
from DXD to DXK, and does not bind to lysine residues in vitro (Law et al.,
2012, Christen et al., 2010). Plasminogen circulates in its native form, a 791-
residue glycoprotein, known as glu-plasminogen because of the N-terminal
glutamic acid residue. The native form can be modified to a more open, readily
activatable conformation known as lys-plasminogen, through the digestion by
trace plasmin between residues Arg67-Met68, Lys76-Lys77, or Lys77-Val78
releasing the PAp domain, also known as the activation peptide (Lahteenmaki
et al., 2001). It is important to note, that only Kringle 1 is exposed in the glu-
plasminogen due to the closed conformation, suggesting this domain plays a
pivotal role in initial recruitment of plasmin(ogen) to fibrin or binding partners
(Xue et al., 2012, Law et al., 2012). Conversion to plasmin is initiated through
the cleavage of the peptide bond Arg560- Val561 by host plasminogen
activators (Robbins et al., 1967, Holvoet et al., 1985), The cleavage exposes
the serine protease catalytic triad, His603, Asp646 and Ser741, and results in a
double-stranded plasmin molecule held together by disulphide bonds (Saksela,
1985). The plasmin light chain contains the catalytic site, whilst the heavy chain
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contains the Kringle domains. Due to the closed conformation in Glu-
plasminogen, the Arg560-Val561 bond is shielded from cleavage by Kringle 3
and Kringle 4 loops (Law et al., 2012). However, the more open conformation,
Lys-plasminogen, is activated 10-20 times more readily (Holvoet et al., 1985,
Hoylaerts et al., 1982, Markus et al., 1979). Thus, suggesting that there is a
direct connection between conformation of the plasminogen and activation

activity.

1.1.4.1 Fibrin degradation by plasmin

There have been at least 34 different plasmin cleavage sites identified on
fibrin(ogen), leaving a series of fibrin degradation products during lysis. Plasmin
cleaves the AaLys583 bond in circulating fibrinogen which leaves a C-terminal
lysine. The aC-domains in fibrin are one of the first sites to be degraded by
plasmin through the cleavage of aLys206 and aLys230. This is followed by the
removal of a peptide from the N-terminal of the B-chain and cleavage of the
coiled coil connecter of the E and D domains at aLys81, BLys122, yLys59 or
aArg104, BLys133, yLys63. In FXllla cross-linked fibrin, fragments known as D-
dimers are released, which are used clinically to identify and diagnose
thrombosis (Cesarman-Maus and Hajjar, 2005, Longstaff and Kolev, 2015,

Hudson, 2017).

1.1.4.2 Mammalian plasminogen activators

The major mammalian plasminogen activators include tissue- type plasminogen
activator (tPA) and urokinase- type plasminogen activator (UPA). Both
plasminogen activators are used clinically as a therapeutic thrombolytics (e.g.
tPA: alteplase or uPA: saruplase) (Weisel and Litvinov, 2008), and as such the
mechanism of action of these enzymes is well characterised. tPA is primarily

synthesised and released by endothelial cells as a single chain, 527-amino
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acid, glycoprotein. The glycoprotein contains five structural domains: a finger
domain, an epidermal growth factor-like cassette, two Kringle structures and a
serine protease domain (Pennica et al., 1983, Lamba et al., 1996). The half-life
of tPA is exceptionally short, approximately 4 minutes in circulation, and it is
primarily found in complex with its inhibitor, PAI-1 (Levin and del Zoppo, 1994,
Mutch and Booth, 2016, Booth et al., 1987, Stalder et al., 1985). Unlike other
serine proteases, such as uPA, the single-chain tPA (sc-tPA) is an active
enzyme and can activate plasminogen, so it is not a true zymogen (Madison
and Sambrook, 1993). However, cleavage of the peptide bond between Arg275
and 1le276 by plasmin, converts sc-tPA into a two-chain tPA (tc-tPA), and
increases plasminogen activation rates by 3-10 fold, in the absence of fibrin
(Rijken et al., 1982, Hoylaerts et al., 1982). The presence of fibrin increases the
plasminogen activation activity of tPA by 100- to 1000- fold, and the catalytic
rates for both sc-tPA and tc-tPA are comparable (de Vries et al., 1991, Rijken et
al., 1982, Hoylaerts et al., 1982). Additionally, plasminogen increases the
affinity of tPA for fibrin by approximately 20-fold (Ranby et al., 1982), due to the
formation of a ternary complex. Despite minor structural differences, fibrinogen
has been observed to stimulate tPA to different levels as a result of testing
under different conditions, with values varying from no further stimulation
(Hoylaerts et al., 1982, Medved and Nieuwenhuizen, 2003), to 5-fold (Eastman

et al., 1992) to 25-fold (Stewart et al., 1998).

Plasminogen activation by tPA in the presence of fibrin occurs in two phases.
The first phase occurs upon fibrin cleavage by trace plasmin and subsequent
exposure of C- terminal lysine residues which provide tPA and plasminogen
binding sites. During this stage the typical tPA Kn value is ~1 uM plasminogen

(sc-tPA: 1.05 uM, tc-tPA: 0.99 uM) and the Kcat is ~0.2 s7 (sc-tPA: 0.18 s7*, tc-
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tPA: 0.16 s™') (Hoylaerts et al., 1982, Norrman et al., 1985). As surface-bound
plasmin begins to form, more fibrin is cleaved and new C-terminal lysine
residues are exposed, forming a positive feedback loop. This provides more
binding sites for plasminogen and tPA, and results in the Kn values for tPA
~100 nM (sc-tPA: 0.07 uM, tc-tPA: 0.06 uM) whilst the Kcat remains constant

(Norrman et al., 1985, Suenson et al., 1984).

The main fibrin binding sites in tPA are primarily in the finger domain and
Kringle 2 (de Vries et al., 1991). Kringle 2 domain plays a role in C-terminal
lysine binding, whilst the finger domain binds to a region in the y-nodule in a
lysine-independent mechanism or to amyloid-like cross-beta structures.
Additionally, multiple studies have demonstrated that the finger domain plays
the major role in the initial interaction of fibrin binding (Gebbink, 2011, Grailhe et

al., 1994, Silva et al., 2012, Longstaff et al., 2011).

uPA is primarily produced by monocytes, macrophages and epithelium cells as
a 411-residue single chain, zymogen (sc-uPA) (Manchanda and Schwartz,
1990, Grau and Moroz, 1989, Larsson et al., 1984). sc-uPA is activated through
cleavage of the Lys158 and lle159 peptide bond by trace plasmin or kallikrein;
converting sc-uPA to a disulphide linked two-chained uPA (tc-uPA) (Suenson et
al., 1984). tc-uPA also exists as a high and low molecular weight enzyme
formed by plasmin cleavage between Lys135 and Lys136. Both forms have the
ability to activate plasminogen, however only the high-molecular weight uPA

binds to the uPA receptor (UPAR, (Cesarman-Maus and Hajjar, 2005))

uPA has three domains: an epidermal growth factor (EGF) domain (10-43), a
Kringle (50-132), and a serine protease domain (159-411) (Huai et al., 2006).

uPA primarily activates cell-surface bound plasminogen however it can also
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activate plasminogen in solution (Mutch and Booth, 2016). sc-uPA shows ~100-
fold increase in activity when surface bound, whilst tc-uPA does not show any
further increase in activity (Baeten et al., 2010, Manchanda and Schwartz,
1991). Unlike tPA, the uPA Kringle has no binding sites for fibrin and a low
affinity for fibrin (Cesarman-Maus and Hajjar, 2005). However, tc-uPA activates
glu-plasminogen at a 10-fold higher rate in the presence of fibrin (Cesarman-
Maus and Hajjar, 2005), potentially due to a conformational change in
plasminogen upon fibrin binding. There has been much debate about the
importance and role that uPA plays in fibrinolysis; fibrin deposition was
observed in uPA knockout mice, suggesting uPA is essential for regulating
baseline fibrin homeostasis and showing that uPA plays an critical role in

fibrinolysis (Bugge et al., 1996, Carmeliet et al., 1994).

1.1.4.3 Fibrinolysis modulators

There are a number of inhibitors that moderate the activity of fibrinolytic
components to prevent excessive plasmin generation. Thrombin-activatable
fibrinolysis inhibitor (TAFla) cleaves C-terminal lysine and arginine residues in
fibrin, which reduces the binding sites for plasminogen and plasmin and the
positive feedback loops which stimulate fibrinolysis (Wang et al., 1998a). The
two most critical serpins are PAI-1, an inhibitor of t-PA and uPA, and az-
antiplasmin, which directly inhibits plasmin. Fibrin clots are key activation sites
for fibrinolysis and upon binding, plasmin is protected from inhibition from ot.-
antiplasmin. Thus, fibrinogen and fibrin increase activation of plasminogen to
plasmin and aid in their own dissolution (Chapin and Hajjar, 2015, Kimura and

Aoki, 1986, Plow and Collen, 1981).
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1.1.4.4 Fibrin clot structure

Fibrin clot structure is characterised by the fibre thickness, strength, and pore
size, which can be assessed using a variety of in vitro techniques. Measuring
clot turbidity changes using light scattering, at 350, 405 or 600 nm, can provide
important information on clot structure (Wolberg et al., 2002). The lag phase of
the curve reflects the time required for protofibrils to grow to a sufficient length
to begin lateral aggregation, whilst the maximum absorbance of the clot reflects
the fibrin fibre cross-sectional area and the number of protofibrils per fibre (Carr
and Hermans, 1978, Wolberg et al., 2002). However, the reproducibility of
turbidity results can be relatively poor, particularly in plasma clots, as other
components in a clot can alter the clot structure without altering the fibre

diameter (Pieters et al., 2020).

Addition of plasminogen and plasminogen activators to turbidimetric
experiments can provide additional information on the fibrin clot lysis rates. The
simplest method is to report the time to 50% lysis or time between 50% clotting
and 50% lysis time. The addition of plasminogen activators with a chromophoric
substrate for plasmin to the surface of a pre-formed fibrin clot incorporating
plasminogen can provide information on the plasminogen activation rates of
plasminogen activators such as tPA, or uPA. However, fibrinolysis methods are

notoriously difficult to standardised (Longstaff, 2018a).

Fibrin ultrastructure is most commonly examined using scanning electron
microscopy (SEM). SEM works at a high magnification and provides great
spatial resolution of the surface of the clot, allowing the measurement of fibrin
diameter, pore size, fibre density and branching angles. However, this
technique requires fixation and dehydration steps which can create preparation

artefacts to the final network morphology. Laser Scanning Confocal Microscopy
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(LSCM) overcomes this limitation by imaging fluorescently labelled fibrin clots in
a fully hydrated state. Although LSCM has lower resolution, in comparison to
SEM, this optical imaging technique allows visualisation deep into the specimen
and the ability to construct a 3D representation of a sample (Collet et al., 2000b,
Blomback et al., 1989). Additionally, LSCM can be used to follow fibrinolysis

using Ibidi microslides (Varju et al., 2015).

The local conditions present during fibrin polymerisation strongly influences the
final clot structure including the temperature (Nair et al., 1986), pH (Ferry and
Morrison, 1947, Weisel and Nagaswami, 1992), ionic strength (Nair et al., 1986)
and concentrations of calcium (Carr et al., 1986, Hardy et al., 1983), buffers
(Kurniawan et al., 2017) or albumin (Galanakis et al., 1987, Wilf et al., 1985).
Additionally, fibrin fibres produced from using citrated plasma have larger fibre
diameters compared to those produced using purified fibrinogen (Carr, 1988)
due to the presence of circulating plasma molecules. For example, the
presence of antithrombin inhibits free thrombin, which lowers the apparent
thrombin concentration causing increased clotting times and thicker fibrin fibres
(Carr, 1988, Elgue et al., 1994, Naski and Shafer, 1991, Shah et al., 1987,
Torbet, 1986). Additionally, the presence of albumin, y-globulin, and
haemoglobin decreases lag times, which has been hypothesised to be due to
their influence on macromolecular interactions during clotting (Torbet, 1986, Wilf

et al., 1985, Wolberg and Campbell, 2008).

Fibrinogen and thrombin concentrations have been recognised as important
modulators of fibrin clot structure. At a constant fibrinogen concentration, an
increased thrombin causes a decrease in lag phase and maximum absorbance,
which indicates thinner fibrin fibres. SEM analyses of fibrin clots with high

thrombin concentrations reveal dense, highly branched networks of thinner
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fibres; whilst low concentrations of thrombin produce fibrin clots with
unbranched networks of thick fibres (Carr and Hermans, 1978, Wolberg, 2007,
Domingues et al., 2016). A study conducted by Wolberg et al. (Wolberg et al.,
2003) found elevated prothrombin levels increases the rate of thrombin
generation leading to the formation of densely packed fibrin clots with thinner
fibres. Similarly, at a constant thrombin concentration, increasing the fibrinogen
concentration produces denser, highly branched, fibrin networks with longer
fibres (Weisel and Nagaswami, 1992). The Darcy constant (Ks), which is a
measure of the clot porosity, or permeability, is inversely related to the
fibrinogen and thrombin concentrations (Blomback and Okada, 1982, Blomback
et al., 1989). At high concentrations of fibrinogen or thrombin, clots are less

permeable, as indicated by a decrease in Ks.

Previous in vitro studies have indicated that fibrin clots composed of thick fibres
and loose networks are more susceptible to fibrinolysis. Turbidity, LSCM and
mechanical (elastometry) lysis assays have demonstrated that clots formed at
higher ionic strengths, lower fibrinogen concentrations or lower thrombin
concentrations produce thick fibres which were more susceptible to lysis than
when the clots were composed of thin fibres, and dense network (Carr and
Alving, 1995, Collet et al., 2000a, Campbell et al., 2009, Machlus et al., 2011,
Gabriel et al., 1992). Furthermore, patients with thin, closely spaced fibres have
reported hypofibrinolysis, supporting the in vitro studies that have indicated that
thinner fibres are more resistant to lysis (Fatah et al., 1996, Collet et al., 1993).
However, whilst fibrin clots composed of thick fibres and loose network are
lysed at a quicker rate than a dense network of thin fibres, at the individual fibre
level thin fibres were found to cleave faster than thicker fibres (Collet et al.,

2000a). Therefore, it is likely that the permeation of the plasminogen activators
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or plasmin into a clot network plays an important role in determining fibrinolysis

rates.
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1.2 Haemostasis in host defence

The haemostasis system also acts as a host defence mechanism to protect the
integrity of the vascular system by providing a barrier to infection upon tissue
injury. During bacterial infections, the haemostasis system cooperates with the
inflammatory cascade, complement system and coagulation cascade to
eradicate pathogens. However, a common mechanism employed by pathogenic
bacteria is to express virulence factors that seize control of the host

haemostatic system to elude host defences and enter sterile tissue.

1.2.1 Bacterial contact system activation

As described in section 1.1.2.2, the intrinsic cascade (or contact system) is
activated in the presence of negatively charged surfaces, such as a bacterial
surface proteins. Both gram negative bacteria and gram-positive bacteria are
known to bind components of the contact system. It has been demonstrated
that contact factors HMWK, FXII, FXI and PK bind to the surface of Escherichia
coli and some Salmonella spp via the cell surface expressed amyloid fibres
(curli organelles) or thin aggregative fimbriae (Herwald et al., 1998, Ben Nasr et
al., 1996). Gram negative bacteria such as Group G Streptococci (via the
protein FOG and protein G (Wollein Waldetoft et al., 2012) which are a novel
fibrinogen binding surface proteins and immunoglobulin-binding proteins,
respectively), Staphylococcus aureus and Streptococcus pneumoniae (Ben
Nasr et al., 1996) also bind components of the contact system via cell surface
binding proteins. Additionally, M proteins from most Streptococcus pyogenes
strains have been found to bind kininogens (Ben Nasr et al., 1995) and in

particular contact factor HMWK (BenNasr et al., 1997).
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Some bacteria have been shown to release cysteine proteases that are able to
proteolytically cleave FXII or plasma PK, thus indirectly releasing bradykinin.
This includes Arg-gingipains from Porphyromonas gingivalis (Imamura et al.,
1995) and the Vibrio vulnificus proteinase (Molla et al., 1989). In contrast, other
bacterial cysteine proteinases such as SpeB from Streptococcus pyogenes
(Herwald et al., 1996) and staphophains from Staphylococcus aureus (Imamura
et al., 2005) are able to directly cleave HMWK to release bradykinin. High
bradykinin plasma levels have been noted as a biomarker for Staphylococcus
aureus induced sepsis (Mattsson et al., 2001). In relation to Streptococcus
pyogenes pathogenesis, it has been proposed that the recruitment of high
amounts of HMWK by M proteins could lead to a localised ‘burst’ in bradykinin,
by the action of SpeB. This would subsequently lead to increased vascular
permeability and high amounts of plasma proteins and nutrients into the site of
infection (Herwald et al., 1996). M proteins are known to play major roles in
Streptococcus pyogenes pathogenesis which is described further in section

1.4.2.

1.2.2 Fibrin(ogen) protective barrier

The ultimate goal of the coagulation cascade is the generation of fibrin. Fibrin
plays a vital role in preventing haemorrhage and allowing vessel repair following
injury, and also acts as a barrier to physically entrap and prevent the spreading
of pathogens (Kearney et al., 2021a, Macrae et al., 2018). Fibrinogen deficient
mice show a significantly compromised pathogen clearance. This was indicated
by the increased dissemination of bacteria and mortality in fibrinogen deficient
mice (a-chain knockout, causing immunologically undetectable levels of 3 and y
chain (Suh et al., 1995) or ancrod depletion methods), in comparison to wild

type or heterozygous mice (Claushuis et al., 2017, Sun et al., 2009, Mullarky et
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al., 2005, Luo et al., 2011). Additionally, in murine models with normal
fibrinogen levels but impaired fibrin generation due to anticoagulant treatment, a
marked increase in infection related mortality is observed (Claushuis et al.,
2017, Mullarky et al., 2005, Luo et al., 2011) signifying the importance of fibrin

in host defence against microbial invasion.

However, the host fibrin can also be exploited by virulence factors expressed by
pathogenic bacteria to aid in dissemination and survival of the organism.
Formation of localised fibrin network at the site of infection can be detrimental to
the host, as it can allow the accumulation of large numbers of bacteria whilst
protecting them from clearance by the immune system. Whilst inside the fibrin

clot, the bacteria can proliferate leading to the formation of abscesses.

Staphylococcus aureus has evolved the ability to hijack the host fibrin(ogen)
system and form a ‘shield’ (Thomer et al., 2013, Guggenberger et al., 2012)
around the bacterium through the secretion of two coagulases; von Willebrand
factor binding protein (VWbp) and Coagulase (Coa) (Bjerketorp et al., 2004,
McAdow et al., 2012). Thus, protecting the bacterium from the immune system
and phagocytosis (Crosby et al., 2016). Mature Coa protein consists of an N
terminal D1D2 domain, followed by a linker region and tandemly repeated
fibrinogen-binding motif (Panizzi et al., 2006, Panizzi et al., 2004). Coa
nonproteolytically activates prothrombin (Thomer et al., 2016) through the
insertion of N-terminal amino acid residues llel- Val2 of the D1D2 domain into
the llel6 pocket of prothrombin; resulting in a conformational change and an
active Coa-prothrombin complex formation, called staphylothrombin, which is
then capable of cleaving fibrinogen to generate fibrin. Coa protein structure
(Panizzi et al., 2006) and interactions with prothrombin is well characterised,

therefore much of our understanding of the mechanism of action of
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Staphylococcus aureus fibrin formation is based upon coagulase activation of
prothrombin. However, structural predictions shows that despite the N-terminal
half of vWbp sharing only 30% amino acid identity to the N terminal region of
Coa (Bjerketorp et al., 2004), the N terminal is composed of primarily alpha
helices resembling the structure of the Coa segment; suggesting a similar
prothrombin activation mechanism occurs with vWbp (Friedrich et al., 2003,
Thomas et al., 2019). The C-terminal portion of vWbp lacks further resemblance
to Coa, and instead a unique VWF binding site exists (Cheng et al., 2010,
Bjerketorp et al., 2002). Additionally, the formation of VWF truncations revealed
that fibrinogen binding predominantly occurs via the N-terminal portion of vWbp

(Thomas et al., 2019).

The two coagulases are thought to result in the formation of two distinct types of
fibrin network. In a murine abscess model of Staphylococcus aureus infection,
antibody staining revealed intense Coa staining co-localised with prothrombin
and fibrinogen in the pseudocapsule surrounding the staphylococcal abscess
community. The vWbp staining was found throughout the abscess lesions, but
also accumulated at the peripheral of the abscess lesions, another layer of
fibrinogen/fibrin, predominantly co-localised with fibrinogen and prothrombin
(Cheng et al., 2010). Furthermore, in a 3D-Collagen Fibrinogen in vitro culture
model, Coa was also involved in the formation of a fibrin pseudocapsule, whilst
the vWbp was required for the formation of the extended microcolony-
associated meshwork. Both types of fibrin, vWbp and Coa-generated, were
shown to hinder neutrophils from attacking the bacteria by forming a barrier
(Guggenberger et al., 2012) supporting the idea that both coagulases are
critical for Staphylococcus aureus pathogenicity. In preclinical models involving

Staphylococcus aureus vVWbp and Coa knock-out mutants, the virulence was
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severely attenuated with their ability to cause skin infections (Vanassche et al.,
2011, Malachowa et al., 2016), catheter infections (Vanassche et al., 2013) or
sepsis (McAdow et al., 2011). Additionally, inducing expression of coagulases in
a usually non-invasive species of Staphylococcus, Staphylococcus simulans,
transformed the bacterium into a pathogen that could survive in the bloodstream

and cause infection (Yu et al., 2017).

Staphylococcus aureus also expresses another virulence factor known as
clumping factor A (CIfA); a surface bound protein capable of binding to the
fibrinogen y-chain. The CIfA aids in bacterial adhesion to endothelial cells under
shear conditions and the binding of fibrinogen protects against phagocytosis
(Claes et al., 2018, McDevitt et al., 1997, Higgins et al., 2006). In vitro binding
studies and in vivo studies of Staphylococcus aureus adhesion to murine
mesenteric circulation demonstrated that secreted vWbp interacts with CIfA and
host VWF, to form a complex which anchors the bacteria to vascular
endothelium under shear stress (Claes et al., 2017). Additionally, the CIfA-
fibrinogen complex has been found to activate platelets by engaging the platelet
integrin GP/Illa through a fibrinogen bridge and the IgG platelet receptor,
which subsequently promotes thrombus formation (Loughman et al., 2005).
Furthermore, the CIfA binding to fibrinogen mediates bacterial clumping, which
has been shown previously to protect the Staphylococcus aureus from
neutrophil-dependent (Kapral, 1966) and extracellular phospholipase Az-
dependent (Dominiecki and Weiss, 1999) killing; acting as a barrier to these
agents. Fibrinogen- induced clumping results in a phenotypic switch from a
primarily adhesive bacteria to an invasive pathogen (Rothfork et al., 2003).

Murine models expressing mutant fibrinogen lacking the Staphylococcus aureus
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Clfa binding motif, but with full fibrin clotting function, exhibited reduced

bacterial burdens and significantly reduced organ damage (Flick et al., 2013).

Another virulence factor which binds fibrin is the M1 protein from Streptococcus
pyogenes. Cell-bound M1 prevents phagocytosis of Streptococcus pyogenes by
binding fibrinogen which inhibits complement and antibody deposition (Carlsson
et al., 2005, Sandin et al., 2006). The M1 protein can be cleaved from the cell
surface by Streptococcal pyogenes proteases, such as SpeB, and host
neutrophil proteases resulting in soluble M1 (It is not currently known how host
neutrophil proteases cleave M1 protein from the cell surface) (Berge and Bjorck,
1995a, Herwald et al., 2004). The M1 forms a pathological cross-like network
with fibrinogen (Macheboeuf et al., 2011) which capable of activating
neutrophils; triggering the release of heparin binding protein and subsequently
vascular leakage (Herwald et al., 2004). M1 binding fibrinogen is explained in

more detail in section 1.4.2.1.

1.2.3 Bacterial clot degradation

Soluble fibrinogen or insoluble fibrin can physically entrap pathogens within the
infected tissue to limit growth and prevent dissemination. Cross-linking of the
fibrin fibres by FXllla immobilises pathogens within the networks to aid in

clearance (Dickneite et al., 2015).

The surface bound M1 protein from Streptococcus pyogenes has been shown
to be cross-linked by FXllla to the fibrin network, following activation of the
clotting system at the bacterial surface via the intrinsic pathway. The bacteria
were observed in tissue biopsies from patients with streptococcal necrotising
fasciitis, to be cross-linked to the fibrin networks (Loof et al., 2011). Additionally,

in murine skin and soft tissue of Streptococcus pyogenes (M1 serotype)
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infection models, using FXIll-deficient mice led to increased signs of
inflammation, and elevated bacterial dissemination (Loof et al., 2011, Deicke et
al., 2016). The FXIlI-deficient mice showed an impaired survival in comparison
to the wild-type mice, with significantly higher bacterial loads found in the blood
and spleens 72 hours post-infection with Streptococcus pyogenes (Deicke et
al., 2016). Thus, suggesting a protective role for FXllla in infection. FXllla has
previously been shown to cross-link Escherichia coli and Staphylococcus

aureus via cell surface bound proteins to the fibrin clot (Wang et al., 2010Db).

Many bacteria produce virulence factors that can counteract the coagulation
pathway and prevent entrapment by fibrin. One mechanism is to induce
fibrinolysis through the expression of plasminogen activators. Group A, C and G
streptococci secretes a plasminogen activator known as streptokinase which,
despite its name, is not an enzyme and it does not proteolytically activate
plasminogen. Instead, streptokinase forms a 1:1 complex with plasminogen,
inducing a conformation change in the plasminogen activation pocket thus
converting it into an active form (Boxrud et al., 2001, Wang et al., 2000). The
streptokinase-plasminogen complex is protected from inhibition by the plasmin
specific inhibitor, az-antiplasmin (Wiman, 1980). Streptococcus pyogenes also
express cell surface M proteins or M-like proteins that are capable of binding to
fibrinogen or plasminogen (Zhang et al., 2012). Fibrinogen is also thought to act
as a template for plasminogen binding, thus streptokinase aids in plasmin
recruitment at the cell surface forming a proteolytic coat to aid in dissemination

(Glinton et al., 2017).

Staphylokinase, produced by Staphylococcus aureus, is another nonproteolytic
plasminogen activator, however unlike streptokinase, staphylokinase has a low

affinity for plasminogen and cannot activate plasminogen directly. Instead
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staphylokinase binds strongly to trace amounts of pre-activated plasmin forming
a staphylokinase-plasmin complex capable of cleaving plasminogen to generate
more plasmin (Collen et al., 1993, Grella and Castellino, 1997). Additionally, the
complex is inhibited by az-antiplasmin (Lijnen et al., 1991b). Staphylococcus
aureus also expresses the cell surface bound fibronectin-binding protein B
(FNnBPB) which can bind both fibrinogen and plasminogen simultaneously.
Recruitment of cell surface plasminogen can then be activated by

staphylokinase (Pietrocola et al., 2016).

Another example of a bacteria plasminogen activator is the ‘Pla’ protease
expressed by Yersinia pestis, the causative agent of the bubonic plague. Unlike
streptokinase and staphylokinase, the Pla protease can proteolytically activate
plasminogen by the same peptide bond as the human plasminogen activators
uPA and tPA. Additionally, Pla protease rapidly cleaves and inhibits the action

of PAI-1, and the plasmin inhibitor az-antiplasmin (Korhonen et al., 2013).

Many bacteria, such as Escherichia coli (Lahteenmaki et al., 1993, Parkkinen et
al., 1991, Korhonen et al., 1997) , Salmonella typhimurium (Kukkonen et al.,
1998, Korhonen et al., 1997), Neisseria meningitides (Ullberg et al., 1992)
Borrelia burgdorferi (Fuchs et al., 1994), do not have their own plasminogen
activators and instead bind plasminogen at the cell surface and rely on host

plasminogen activators to recruit and generate cell surface plasmin.

Many different bacteria have evolved virulence factors to bind and interact with
the host haemostatic system, to both stimulate the coagulation cascade, and
subsequent fibrin formation, or to initiate fibrinolysis. Plasmin generation at the
cell surface not only prevents entrapment of the bacterium within fibrin clots, but

aids in dissemination via the degradation of connective tissue and extracellular
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matrix and protects from immune proteins (Lahteenmaki et al., 2001). This
project will be primarily focussed on the clinically important Streptococcus

pyogenes virulence factors.
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1.3 Group A Streptococcus

Streptococci strains were traditionally identified (designated by a letter) upon
serologic reactivity of specific carbohydrate antigens on the bacterial cell wall by
the Lancefield system (Lancefield, 1933). Group B, C and G Streptococci were
originally recognised as animal pathogens; however they were subsequently
found to colonise humans asymptomatically or cause zoonotic diseases in
humans (Turner et al., 2019, Raabe and Shane, 2019). Group A Streptococcus
(GAS) or Streptococcus pyogenes is a strictly human pathogen capable of
causing both mild, superficial infections and life-threatening invasive diseases.
Despite the species name being derived from Greek words meaning pus (pyo)—
forming (genes), clinical manifestations of this bacterium are one of the most
diverse of any human pathogen (Carapetis et al., 2005). Whilst many cases of
GAS infections are localised throat and skin infections such as impetigo and
pharynagitis. Ineffective treatment can result in postinfectious nonsuppurative
and suppurative (pus-forming) sequela including rheumatic heart disease, post-
streptococcal reactive arthritis, and post-streptococcal glomerulonephritis.
Furthermore, GAS causes invasive infections such as necrotising fasciitis,
septic shock and streptococcal toxic shock syndrome (STSS), all of which are
associated with high morbidity and mortality rates (Cunningham, 2000, Walker

et al., 2014).

1.3.1 Transmission

Whilst GAS is known to colonise the oropharynx, genital mucosa, rectum and
skin, the carrier status is poorly understood (Martin, 2016, DeMuri and Wald,

2014). Humans are the only known natural reservoir of GAS, with the mode of

33



transmission primarily being through respiratory droplets and with direct contact
from broken skin with infected sores (Walker et al., 2014). Additionally, although
not as common, food-borne transmission of GAS have been reported (Avire et

al., 2021).

1.3.2 Epidemiology

The global impact of GAS and consequential diseases remains relatively
unknown due to gaps in the data available and underreporting of acute and
chronic cases, leading to the current disease burden being underestimated
(World Health Organisation, 2005). However, GAS remains listed by the World
Health Organisation (WHO) amongst the top ten causes of human mortality
from infectious diseases. The last review conducted by WHO in 2005 estimated
that there were approximately 18.1 million existing cases of invasive GAS, with
a further 1.78 million new cases occurring each year, accounting for 517,000
deaths annually. The majority of deaths being caused by rheumatic heart
disease, followed by invasive GAS diseases then acute post-streptococcal
glomerulonephritis. Additionally, there were over 111 million prevalent cases of
streptococcal skin infections and 616 million new cases of pharyngitis each year
(World Health Organisation, 2005, Carapetis et al., 2005). Furthermore,
mortality rates for necrotising fasciitis and STSS range from between 30-60%,

even with aggressive treatments (Stevens and Bryant, 2016)

GAS cases began falling in industrialised countries from the 20" century, mainly
due to improved living conditions, reduction in poverty and development of
antibiotics (Ralph and Carapetis, 2013). However, during the 1980’s a global,
significant resurgence of severe and fatal forms of invasive GAS diseases
began reappearing with the emergence of hypervirulent mutant and novel

strains, e.g., M1T1 strain (Aziz and Kotb, 2008, Barnett et al., 2018). Recent
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genomic analysis of invasive GAS infections from industrialised populations
have found that the emm1 strains are the most common type associated in
epidemiological investigations (Gherardi et al., 2018, Nelson et al., 2016, Luca-
Harari et al., 2009, O'Grady et al., 2007) (Further information on emm types can
be found in section 1.4.2). Furthermore, before the SARS-CoV-2 pandemic and
consequential reduction in case reporting, increased social distancing and hand
hygiene measures, the United Kingdom was experiencing the seventh
consecutive season of elevated scarlet fever and invasive GAS infection cases
(Public Health England, 2020). GAS has remained highly prevalent in
developing countries, indigenous populations and amongst low socioeconomic
areas in developed countries, particularly in the elderly, children, and young
adults. This is thought to be caused by poor living conditions, including
overcrowding, leading to more social contact within these populations (Avire et

al., 2021). Therefore, GAS remains a significant public health issue.

1.3.3 Treatment

Currently GAS is believed to be fully sensitive to penicillin, despite reports of
resistance in acute infections increasing to almost 40% in some regions of the
world (Sela and Barzilai, 1999, Brook, 2013, Passali et al., 2007). GAS is also
often treated with other B-lactam antibiotics such as amoxicillin and
cephalosporins (Walker et al., 2014). However, a recent study has found two
GAS isolates with a mutation in the penicillin-binding protein PBP2x gene,
leading to a reduced susceptibility to p-lactam antibiotics (Vannice et al., 2020).
The same mutation was originally observed in Streptococcus pneumoniae,
which eventually lead to penicillin resistance (Grebe and Hakenbeck, 1996). In

cases where penicillin allergies are a factor, antibiotics such as clindamycin and
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macrolides are used. However, bacterium resistance against both treatments

has also been reported (DeMuri et al., 2017).

Despite a global demand, there is currently no vaccine for GAS prevention.
GAS vaccine development has been ongoing for over 100 years, in the 1940’s
young adults were injected with whole, killed bacteria. The vaccines were highly
reactogenic and did not prevent GAS disease. In 1969, a GAS vaccination
human trial resulted in serious adverse effects in 3 out of 21 volunteers, whom
developed acute rheumatic fever (Massell et al., 1969). This lead to safety
concerns and in 1979, the US Food and Drug Administration (FDA) prohibited
the use of GAS organisms and their derivatives in any GAS vaccine (US Food
and Drug Administration, 2005). The human vaccination trial was subsequently
investigated. It was discovered that the 3 volunteers had documented GAS
infections prior to the onset of acute rheumatic fever and all were siblings. The
siblings had been exposed to high doses of a crude M protein vaccine
formulation, leading to the development of the symptoms. The FDA therefore
revised the ban in 2006 and allowed purified GAS antigens to be used as
vaccine candidates (US Food and Drug Administration, 2005). However, by this
time, there had not been a vaccine trial reported in 25 years. Another major
iIssue with vaccine development is antibody cross-reactivity with human organs,
particularly cardiac proteins (Giffard et al., 2019). The first evidence of which
was observed in mice immunised with GAS components leading to anti-
streptococcal antibodies cross-reacting with ventricular myosin (Krisher and
Cunningham, 1985) To date, two GAS vaccine candidates have completed
human trials (Pastural et al., 2020, Sekuloski et al., 2018). However, GAS
isolates frequently undergo genetic recombination events, resulting in the

emergence of new strains. Therefore, there has only been 13 possible antigenic
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proteins which are over 99% conserved amongst all GAS isolates globally

(Davies et al., 2019).

In the absence of a vaccine and an observed decrease in susceptibility to
antibiotics, there is a clear need for increased research efforts to uncover novel
therapeutic targets for treatment of GAS diseases and sequalae. The first steps

of which would be to better understand the pathogenesis of the organism.
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1.4 Virulence factors of GAS

1.4.1 CovR/S regulon

Tight control of virulence factor expression is essential to GAS pathogenesis as
regulation of different factors during infection enables the bacterium to adapt to
a wide range of environmental stressors. The two component regulatory
systems (TCS) are a critical mechanism that enables a broad-spectrum of
bacteria to detect and respond to a wide range of environmental stimuli. TCS
are typically composed of a membrane-embedded histidine kinase regulatory
responder and a response regulator (Zschiedrich et al., 2016, Gao and Stock,

2009).

In GAS, ~13 TCS regulators are known (Churchward, 2007) with the control of
virulence two-component signalling system (CovRS) being the most well
characterised. CovRS plays a key role in GAS pathogenesis, regulating ~15%
of the GAS genome. CoVvRS is required for survival of the organism as it
responds to environmental stress conditions such as increased temperatures,
high salt concentration, low pH and iron starvation (Froehlich et al., 2009,
Dalton and Scott, 2004). CovS is the membrane-bound sensor kinase that auto-
phosphorylates (or dephosphorylates) the CovR response regulator, to enhance
(or reverse) the repression of its gene targets (Dalton and Scott, 2004). The
CoVvRS positively regulates the cysteine protease SpeB, whilst negatively
regulating other virulence factors including the hyaluronic acid capsule,
streptokinase, streptolysin O (SLO), Immunoglobulin G (IgG)- degrading
enzyme and DNase Sdal (Levin and Wessels, 1998, Sumby et al., 2006, Vega

et al., 2016).
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A number of hypervirulent GAS isolates have been characterised with
inactivation mutations in the CovRS systems. It has been proposed that when
experiencing environmental stressors during infection, the GAS isolates are
selectively pressured towards those that have a mutated CovS component
(Cole et al., 2011). Several hypervirulent GAS strains have been isolated with
mutations in the CovS gene that prevents the activity of the CovR regulator
(Sumby et al., 2006, Maamary et al., 2010, Tatsuno et al., 2013, Bao et al.,
2016, Liang et al., 2013). For example, a murine survival study with the skin-
tropic GAS strain AP53 showed that the lethality of the bacteria was increased
upon switching from an AP53/CovS+ to AP53/CovS-. The mutation led to a
decrease in SpeB and increase in hyaluronic acid capsule in the AP53/CovS-
strain (Liang et al., 2013). SpeB is required for establishment of localised
infection, including a role in evading host autophagy pathway (Barnett et al.,
2013), degradation of epithelial tight junctions (Sumitomo et al., 2013) and

complement proteins (Honda-Ogawa et al., 2013).

Later on in infection, environmental pressures result in selection pressure
towards the CovRS mutants which results in a downregulation in the cysteine
protease SpeB and an upregulation in the hyaluronic acid capsule,
streptokinase, SLO, 1gG- degrading enzyme and DNase Sdal. The hyaluronic
acid capsule aids in resistance to opsonophagocytosis (Dale et al., 1996,
Wessels et al., 1991). The invasive M1T1 GAS serotype survival was promoted
within neutrophil extracellular traps (NETSs) through the inhibition of the human
cathelicidin (Cole et al., 2010). NETs are secreted from activated neutrophils,
and are composed of DNA, histones, granule proteases and antimicrobial
agents, which aid in the entrapment and killing of gram-positive and gram-

negative bacteria (Brinkmann et al., 2004). The hyaluronic capsule was found to
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be essential for full virulence in M1T1 serotype strains of subcutaneous and
intraperitoneal models of GAS infection (Ashbaugh et al., 1998, Wessels et al.,

1991, Moses et al., 1997).

SLO is a secreted, cholesterol-dependent exotoxin that has been shown to form
large pores in host cell membranes (Bhakdi et al., 1985). SLO plays multiple
roles in pathogenesis, including induction of apoptosis in host epithelial cells,
neutrophils, and macrophages (Timmer et al., 2009, Bricker et al., 2002). The
DNase Sdal facilitates GAS escape from NETs by degrading the DNA

framework (Walker et al., 2007).

Mutations in the CovR or CovS also prevent the cleavage of key proteins such
as M proteins from the cell surface (Macheboeuf et al., 2011) and prevents the
degradation of streptokinase and host coagulation factors such as fibrinogen
and plasminogen. Plasmin generation at the cell surface of GAS allows the
bacterium to degrade host tissue barriers and disseminate beyond site of
localised infection to the bloodstream, leading to systemic dissemination

(Walker et al., 2007, Cole et al., 2011).

1.4.2 M proteins

M proteins are one of the most extensively studied virulence factors found on
the surface of GAS. During the course of infection, M proteins play various roles
to aid bacterial dissemination including adherence to host epithelial cells
(Okada et al., 1995, Ellen and Gibbons, 1972), intracellular invasion of host
cells (Cue et al., 2000), immune evasion (Oehmcke et al., 2010) and
microcolony formation (Frick et al., 2000). Furthermore, a subcutaneous mouse
model of invasive GAS disease found M proteins to be essential for full

virulence (Ashbaugh et al., 1998).
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M proteins extend approximately 500 A outwards from the GAS cell surface and
are between 350-450 amino acid consisting of distinct tandem repeating
domains (Hollingshead et al., 1986, Fischetti, 1989). It is believed that M
proteins exist as amphipathic a-helical parallel coiled coils, although little
rigorous data is available on the majority of isolated M proteins (Fischetti, 1989).
The N-terminus contains the hypervariable region, followed by A and B domains
and a highly conserved C, D and Pro/Gly sites (Figure 64B). The C- terminus
contains a ‘LPXTG’ motif for anchoring to the cell wall peptidoglycan, providing

GAS with a hair- like surface (Ghosh, 2018, Qiu et al., 2018).

Traditionally, GAS strains were serotyped based upon serological sensitivity
against the extremely variable N terminal region. However, advances in DNA-
sequencing technology resulted in a development of a method for determining
the M type of GAS from the sequence of the M protein (Facklam et al., 2002,
Johnson et al., 2006). GAS strains are therefore commonly typed based upon
the 5’ variable region of the emm gene encoding the M protein, with ~ 234
distinct emm types been defined (Bessen, 2016). Additionally, GAS strains can
also be classified by the emm gene chromosomal arrangement in the multiple
gene activator (mga) regulon. Five different chromosomal patterns were found
to exist, Patterns A-E, based upon the presence and arrangement of the M-

proteins and M-like proteins (Bessen et al., 1996).

1.4.2.1 M1 protein and fibrinogen

As highlighted in section 1.3.2, emm 1 strains are overrepresented in invasive
GAS diseases. The emm 1 strains contain an M1 protein on the cell surface of
GAS which has been found to bind to host fibrinogen with a high affinity; with an
equilibrium constant of 1.1 x 101° M (Akesson et al., 1994). Whilst this has

been proposed to camouflage the GAS from opsonophagocytic killing (Ringdahl
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et al., 2000, Carlsson et al., 2005) and to promote cell surface plasmin
generation (Glinton et al., 2017); M1 can be released from GAS through
cleavage by SpeB (Berge and Bjorck, 1995a) or by neutrophil proteinases

(Herwald et al., 2004).

The soluble M1 protein retains functional activity and has been found to bind to
fibrinogen in solution. The M1-fibrinogen complex is capable of activating
polymorphonuclear neutrophils, through the cross-linking of B2-integrins. The
activated neutrophils then release heparin binding protein, a potent vasodilator,
subsequently inducing vascular leakage (Herwald et al., 2004). Heparin binding
protein and vascular leakage is a strong indicator of sepsis and circulatory
failure (Linder et al., 2009) and a common symptom of STSS; with patients
requiring 10/20 litres/day of intravenous fluids (Herwald et al., 2004). A murine
model of subcutaneous Streptococcus pyogenes infection found that M1 protein
was present in the lungs and vascular leakage occurred before bacteria was
found in the bloodstream or lungs. Using confocal microscopy, Herwald et al.
demonstrated that infected soft tissue from a patient with necrotising fasciitis
and STSS, showed soluble M1 protein colocalised with fibrinogen (Herwald et
al., 2004). Underlining the pathophysiological significance of this complex in

infection.

The M1-fibrinogen complex is capable of binding to the fibrinogen receptor,
GPIllIb/lla on platelets and inducing platelet activation (Shannon et al., 2007).
Activation can only occur when immunoglobulin G (IgG) antibodies against M1
are already present in plasma, usually during invasive infections. The IgG
antibodies bind to the M1 — fibrinogen complex, where the Fc region is exposed
and recognised by the platelet IgG receptor (FcyRIl). The simultaneous

interaction between the fibrinogen and IgG receptor subsequently leads to
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platelet activation. Under normal circumstances the fibrinogen platelet receptor
has a low affinity for fibrinogen and can only bind immobilised fibrinogen
suggesting M1 binding leads to conformational changes in fibrinogen. The
activated platelets release their pro-inflammatory granule contents and form
complexes with neutrophils and monocytes; activating both cell types and
redistributing tissue factor to the surface creating a hypercoagulable state
(Shannon et al., 2007). Shannon et al. used tissue biopsies collected from the
soft tissue of severe infection of M1 isolates which demonstrated that activation
of platelets led to platelet aggregation, colocalised with M1 (Shannon et al.,
2007). The platelet rich thrombi are then deposited in the microvascular. In
invasive GAS infections, thrombi are often found to occupy diverse tissue

locations (Barker et al., 1987, Ashbaugh et al., 1998).

The crystal structure of a partial M1-fibrinogen complex has been resolved by
X-ray crystallography (Figure 4). The M1 protein fragment (M1BC1, (residues
132-263, ~17 kDa)) contain; the B repeats which bind to the fibrinogen; the S
region which has been found to bind IgG and enhance the release of HBP
through FcyRII; and the first C repeat domain. The fibrinogen fragment contains
the D domain (~86 kDa) (Macheboeuf et al., 2011). M1 protein has previously
been shown to contain two fibrinogen binding B domains, B1 and B2 (Akesson
et al., 1994) (Ringdahl et al., 2000). As shown in Figure 4, the M1 fragment was
found to be surrounded by four fibrinogen fragment D molecules, in a cross-like
pattern. There are four B repeats due to M1 protein existing as a dimer (so two
B repeats per chain), explaining the 2:4 M1BC%: fibrinogen D complex of the
~380 kDa complex. The B1 repeats bind two fibrinogen D molecules and are
orientated ~180° to each other. The B1 and B2 repeats are 28 amino acids

apart, and roughly one-quarter turn of the coiled-coil superhelix. This allows the
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second couple of fibrinogen fragments to be orientated ~90°, creating the cross-
like pattern (Macheboeuf et al., 2011). The binding sites are represented in
Figure 5. Residues in the B1 and B2 repeats from both helices of the coiled
coils and every heptad position (a-g) contributes to fibrinogen D domain binding
(Figure 5b). Within the fibrinogen D domain, 3 and y chains are involved in M1-
fibrinogen binding. As shown in Figure 5b, BArg169, fGIlul73, BArgl76, and
YArg108, yTyrl09, ySerl16 are involved in the M1-fibrinogen binding.
Additionally, the site at which M1 binds fibrinogen D domain is quite distant (~90
A) from the fibrinogen yC globular head which has been found to bind Bz

integrins (Medved et al., 1997, Macheboeuf et al., 2011).

Previous studies have introduced mutations into the fibrinogen binding coiled-
coil B repeats (GAS M1*), which demonstrated a decrease in fibrinogen binding
in vitro. The mutants also displayed an impaired ability to adhere to and invade
cultured human endothelial cells and were more readily killed in whole blood or
isolated neutrophils (Uchiyama et al., 2013). In the same study, Uchiyama et al.
also used murine models to investigate bacterial survival with wild-type GAS
strains and GAS M1* mutant strains. They found that the M1-fibrinogen
interactions help GAS to resist NET-mediated neutrophil clearance from blood
and M1 protein decreases GAS’s susceptibility to the antimicrobial peptide

cathelicidin, which is a key component of NETSs.

Fibrinogen has also been shown to interact with other M proteins which have B-
repeat regions including M5, M6, M12, M14, M18, M19, M23, M54 and M57
(Sanderson-Smith et al., 2014, Glinton et al., 2017). The B repeats are variable
in amino acid sequence and do not share a high sequence identity, for example
M5 has only 24% sequence identity to M1 B-repeat regions (Ringdahl et al.,

2000). To date, all M proteins have been found to bind to the fibrinogen D
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domain, as noted by binding and dissociation kinetics (Glinton et al., 2017).
However, structural data has not been resolved for the majority of the M

proteins therefore the fibrinogen binding mechanism is unknown.

In conclusion, massive dysregulation of the pro- and anti-coagulation
equilibrium is a central finding in sepsis and severe GAS infection (Stevens,
2001) with microthrombi often found at the site of infection and at distant sites.
Whilst M1 has previously been shown to bind to fibrinogen, the consequences
of this in relation to coagulation, particularly fibrin formation, are poorly

investigated and understood.
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Figure 4 Fibrinogen binding to streptococcal M1 protein The M1BCL1 protein (residues 132-
263, ~17 kDa) and four fibrinogen fragment D domain structure (~86 kDa) in ribbon
representation. PBD: 2XNX. The M1 protein binds fibrinogen in a cross-like pattern, as shown
from the representative structure from above. Fibrinogen D domain (FgD) and yC modules are
labelled. (A.) The B1 repeats bind two fibrinogen D molecules and are orientated ~180° to each
other. The B1 and B2 repeats are 28 amino acids apart, and roughly one-quarter turn of the
coiled-coil superhelix, as demonstrated in (B.) 46
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Figure 5 M1-fibrinogen complex. A. Interface between M1BC1 B2 domain (left, primed
numbers refer to one helix and non-primed the opposing helix) and fibrinogen D domain
(right). B. Diagram of the residues between M1BC1 B1 (left) and B2 (right) in the helical
projections and the fibrinogen D domains (cylinders, y- chain in blue-green and 3 chain in
blue). Blue dotted lines connect residues with polar contacts and grey and green arcs
correspond to M1 residues making van der Waals contacts to fibrinogen y 108 and 109,
respectively. (Imaged reused from (Macheboeuf et al., 2011) with permission from Springer
Nature; Licence number: 5171060068100)
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1.4.3 Streptokinase

Streptokinase is a single-chain 414 amino acid protein composed of three
distinct domains: o (1-150), B (151-287) and y (288-414) (Wang et al., 1998Db,
Kalia and Bessen, 2004). Unlike host plasminogen activators, uPA and tPA,
streptokinase lacks any proteolytic activity and instead forms a stable 1:1
stoichiometric complex with plasminogen to form an active streptokinase-
plasminogen complex. This complex can then activate further plasminogen
molecules to generate the formation of the serine protease, plasmin. The
streptokinase-plasminogen complex is believed to generate an active site
through the N-terminal llel residue of streptokinase forming a salt bridge with
Asp740 of plasminogen to induce a conformational change. A mechanism
termed ‘molecular sexuality’ and ‘N terminal insertion hypothesis’ (Bode and
Huber, 1976, Jackson and Tang, 1978). Deletion of the amino terminal llel has
previously been shown to prevent the formation of the streptokinase-
plasminogen complex and is therefore critical for activation of plasminogen to
generate plasmin and supports the ‘molecular sexuality’ hypothesis (Wang et
al., 1999, Wang et al., 2000). Additionally, equilibrium and kinetic studies
showed that streptokinase mutants without the amino terminal llel displayed no
detectable conformational activation of plasminogen despite retaining affinity of
native streptokinase (Boxrud et al., 2001).

Binding and kinetic studies have shown that streptokinase binds to the closed
conformation glu-plasminogen with a dissociation constant of 130 + 76 nwm, and
this binding is independent of lysine binding sites (LBS). However,
streptokinase binds to lys-plasminogen in a LBS dependent manner with a ~13-

20-fold higher affinity (10 £ 3 nm) which is reduced to similar levels to glu-

48



plasminogen upon saturation with 6-aminohexanoic acid (6-AHA), a lysine
analogue (Boxrud et al., 2004, Boxrud et al., 2000). Additionally, streptokinase
displays a significantly higher affinity for native plasmin than glu-plasminogen
and lys-plasminogen, with dissociation constants of 12 + 4 pm (~800 and
~11,000-fold higher affinity, respectively) (Boxrud et al., 2000). This results in
the formation of streptokinase-plasmin complexes following plasminogen
activation (Nolan et al., 2013). Streptokinase-plasmin and streptokinase-
plasminogen activity cannot be regulated by host plasmin inhibitors, such as a.-
antiplasmin (Lijnen et al., 1991a, Wiman, 1980), thus leading to uncontrolled
plasmin generation and subsequent degradation of fibrin clots and extracellular

matrix, promoting bacterial dissemination (Parry et al., 2000).

Mechanism of action of streptokinase is mainly understood based upon a group
C streptokinase, from the H46a strain of Streptococcus equisimilis, which was
the first streptococcal gene to be cloned and sequenced (Malke et al., 1985,
Malke and Ferretti, 1984). Streptokinase H46a is a clinically important
plasminogen activator, remaining one of the most widely used thrombolytic
agents for the treatment of myocardial infarction worldwide (Thelwell and

Longstaff, 2014).

Although streptokinase variants have been shown to be highly conserved with
Group C streptokinase displaying 85% amino acid sequence identity to Group A
Streptococcus streptokinase, the small sequence differences appear to
contribute to different plasminogen activation properties (Huang et al., 1989).
Phylogenetic analysis of streptokinase from diverse strains of Group A
Streptococcus indicate that f-domain sequence variation can divide the
streptokinase into 3 distinct clusters ((Figure 6) 1, 2a and 2b). Interestingly,

phylogenetic studies have also found that streptokinase clusters were
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associated with tissue specific emm patterns of the bacterium (McArthur et al.,

2008).

Streptokinase 2a (SK 2a)- expressing strains are secreted from nasopharyngeal
isolates and are commonly associated with a fibrinogen binding M protein such
as M1. The streptokinase 2a has low plasminogen activation activity in solution,
however is stimulated by fibrinogen and maximally stimulated by fibrin (Huish et
al., 2017) resulting in localised plasmin generation at host fibrin barriers.
Streptokinase 2b (SK 2b)-expressing strains are released from skin-tropic
isolates expressing plasminogen- binding M proteins, such as PAM (Kalia and
Bessen, 2004, Hynes and Sloan, 2016). PAM can bind plasminogen to the cell
surface of GAS and increase its activation rate by SK 2b. PAM bound plasmin
also protects the enzyme from inhibition by a2-antiplasmin (Lottenberg et al.,
1992). Plasminogen bound to cell-surface receptors such as PAM, or ligands
such as fibrin, change conformation to an ‘open’ conformation that is much
more susceptible to activation (Castellino and Ploplis, 2005). Cluster 1
streptokinase appear to behave like group C streptokinase, whereby Cluster 1
can activate plasminogen free in solution and does not appear to coincide with
particular M- proteins or require co-factors for full activity (Figure 7A) (McArthur
et al., 2008). The plasminogen activation by Cluster 1 streptokinase would not
be localised like Cluster 2 streptokinase therefore leading to systemic plasmin
generation. The soluble plasmin would not be protected by cell-surface
receptors or ligands and be rapidly inactivated by az-antiplasmin. This may
explain why Cluster 1 expressing Streptococci are less commonly associated

with invasive infections (Zhang et al., 2014).
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Figure 6 Phylogenetic analysis of streptokinase B- domains. The
streptokinase B-domains were aligned using BLAST multiple sequence
alignment tool (NCBI). The phylogenetic tree was constructed by the neighbour-
joining method using MEGA. Bootstrap values (500 replicates) are indicated at
the nodes. Scale bar= 0.05 substitution per site. The figure and analysis were
reused from (Glinton et al., 2017).

1.4.3.1 Streptokinase 2a and M1

SK 2a displays low plasminogen activation activity in solution, approximately 5-
fold lower than the well characterised therapeutic Group C Streptococcus, H46a
strain (12.4 1U/ug compared to 58.2 1U/ug, respectively), and is only weakly
stimulated by fibrinogen. However, turbidity lysis experiments have
demonstrated that fibrin is a potent stimulator of SK 2a activity, with specific
activities ~14-fold higher than streptokinase H46a strain (Huish et al., 2017). M1

protein is a particularly important M protein due to the connection with the
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unusual prevalence and severe invasive manifestations of the M1T1 strain (Aziz
and Kotb, 2008). M1 binds fibrinogen with a high affinity, and is thought to
provide a template for plasminogen acquisition at the cell surface through the
formation of a trimolecular complex (Figure 7B) (Glinton et al., 2017). The
proposed model suggests that this complex then stimulates the formation of
plasmin by SK 2a. Binding to the cell surface fibrinogen also protects GAS from
the immune response and phagocytosis by encapsulating the bacteria and by
promoting plasmin generation which can break down complement factor
components such as C3b (Agrahari et al., 2016). M1 can be cleaved from the
cell surface by the Streptococcal protease SpeB. The free M1 can bind to
fibrinogen in solution to form a supramolecular network and has been known to
contribute to the pathophysiology of streptococcal toxic shock syndrome
(Macheboeuf et al., 2011). The significance of M1- bound fibrinogen, either at
the cell surface or free in solution following cleavage for plasminogen- activation

by SK 2a is not fully understood.

1.4.3.2 Streptokinase 2b and PAM

SK 2b secreting GAS strains are unique in that they directly interact with human
plasminogen, through their associated M protein, PAM. PAM bound-
plasminogen is activated by SK 2b, resulting in the formation of plasmin, thus
providing the GAS with a proteolytic ‘coat’. Two pathways for this plasmin
acquisition have been proposed: In the first pathway PAM directly binds
plasminogen which is sequentially activated by SK 2b to generate plasmin at
the cell surface (Figure 7D). In the second proposed pathway, plasminogen
binds to fibrinogen which is activated by SK 2b, forming a trimolecular complex.
The generated plasmin is then bound to the cell surface via the cell surface

bound PAM (Figure 7C) (Zhang et al., 2012). The cell- bound protease is then
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employed to dissolve host fibrin clots, degrade extracellular matrix and cellular
tight junctions to allow the invasion of GAS into sterile deep tissues of the host
(Qiu et al., 2018). PAM is approximately 42 kDa single-chain protein that, as a
mature protein, exists as a dimer. Unlike M1, PAM isn’t thought to be released

from the cell surface by the protease, SpeB (Mayfield et al., 2014).

It was discovered that PAM binds to plasminogen Kringle 2 domain via the N
terminal ala2 repeats (Wistedt et al., 1998, Wistedt et al., 1995). X-ray
crystallography (PBD code: 115K) (Rios-Steiner et al., 2001) and high resolution
NMR analysis (PDB code 2KJ4) (Wang et al., 2010a) on truncated peptides
PAM-type M proteins demonstrated that the interaction between PAM and
plasminogen is mediated by the lysine binding sites of Kringle 2 along with al or
al and a2 pseudo-Lysine sites found in the A domain of PAM (Rios-Steiner et
al., 2001, Wang et al., 2010a, Wistedt et al., 1998, Qiu et al., 2018, Quek et al.,
2019, Yuan et al., 2019). PAM has been categorised into three different classes
based upon the amino acid sequences in plasminogen binding A domain, Class
[, I, 11I. Class | PAMs contain two tandem repeats in the A domain for example
A1A2, (PAMaps3) expressed in the invasive AP53 strain. Class Il isolates lack
one of the domains, for example NS88.2 (PAMnsss.2) and SS1448 (PAMssu1a4a4s),
both only contain the A2-repeat. Class Ill PAMs contain both the A1A2 repeats
but also contain a VHD or DHD tripeptide at the COOH-termini of their Al-
repeats (Qiu et al., 2020). However, structural analysis has revealed the a2
domain has a 5-fold higher affinity for plasminogen Kringle 2 domain than al;
which has been further supported by biophysical and biochemical experiments
where the affinity for plasminogen was ~3-times higher (Quek et al., 2019).

Despite PAM’s pathological significance the structural data available is still
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limited due to the use of truncated proteins so it is still not clear the exact

binding mechanisms of PAM to plasminogen.

Numerous studies involving measuring streptokinase activity in culture
supernatants, chromogenic solution assays and SPR analysis have indicated
that SK 2b cannot effectively activate plasminogen in solution, displaying
approximately 29 to-35- fold lower affinity for plasminogen in comparison to
other streptokinase variants (Cook et al., 2012, McArthur et al., 2008). However,
SK 2b activity is greatly enhanced in the presence of PAM and further still in the
presence of fibrinogen. Recently SPR and chromogenic studies have
demonstrated that PAM binding to the lysine binding site of plasminogen,
relaxes the conformation of plasminogen and greatly enhances the activation
rate of plasminogen by SK 2b (Ayinuola et al., 2021b). Additionally, murine
models of GAS infection have revealed that the virulence of the bacterium is
severely attenuated upon knockout of the PAM gene, in PAM-expressing strains
(Sanderson-Smith et al., 2008, Chandrahas et al., 2015). Furthermore, when
PAM was replaced with M1, the SK 2a associated M protein, there was no
significant activation of SK 2b. Current understanding of plasminogen
acquisition by SK 2b expressing strains is limited, proposed mechanisms
suggest that in order for optimal plasminogen activation a trimolecular complex
of streptokinase-plasminogen-fibrinogen must be formed bound to the M protein
(zhang et al., 2012, Chandrahas et al., 2015). The relationship between
streptokinase sequence variations, M- like protein association and bacteria

pathogenicity is not fully understood at the molecular level.
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Figure 7 Schematic diagram of proposed mechanism of cell surface plasmin acquisition of GAS expressing streptokinase Cluster 1, 2a
and 2b with associated M proteins. Cluster 1 streptokinase (SK) -expressing strains do not require M proteins or ligands for full activity and
can activate plasminogen (pgn) free in solution. (A.) Streptokinase 2a- expressing strains contain the cell surface bound M1 protein which can
bind fibrinogen D domain via the B1B2 domain of M1. The fibrinogen is thought to act as a template for plasmin (pm) generation, forming a
trimolecular complex with SK 2a (B.) Two pathways are proposed for cell surface plasmin acquisition by SK 2b expressing strains. In the first
pathway, plasminogen binds to fibrinogen in solution and is activated by SK 2b forming a trimolecular complex. The resulting Kringle 2 (K2)
domain of plasmin is then bound to the A1A2 domain of PAM (C.) In the second pathway, plasminogen K2 domain directly binds to PAM A1A2
and is activated by SK 2b (D.)
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1.4.4 Summary and Project aims

Invasive GAS serotypes express both cell-surface and secreted virulence
factors that facilitate host interactions and aids in the dissemination of bacteria
beyond point of infection. This project will be primarily focussed on the
interaction of two virulence factors of GAS, the M protein (section 1.4.2) and

streptokinase (section 1.4.3) with the human haemostasis system.

As previously highlighted, the emm 1 serotypes are overly represented in
invasive GAS disease. This serotype contains a cell-bound M1 protein, which is
cleaved by a GAS protease, SpeB, at earlier stages of infection (Cole et al.,
2011). The soluble M1 protein has been previously shown to form a complex
with fibrinogen that is capable of activating neutrophils and platelets. However,
the impact of M1 protein on fibrin clot formation properties has not previously

been investigated.

Streptokinase mechanism of action is mainly understood based upon the well
characterised therapeutic Group C streptokinase, H46a. Whilst GAS displays
85% amino acid sequence identity to the Group C Streptokinase, the small
sequence differences appear to translate to very different plasminogen
activation properties (Huang et al., 1989). Furthermore, phylogenetic analysis of
the streptokinase 3-domain from diverse strains of GAS have indicated that
streptokinase divide into 3 distinct evolutionary clusters, 1, 2a and 2b (McArthur
et al., 2008). The Cluster 2a SK displays very little activity in solution and is
maximally stimulated by fibrin (Huish et al., 2017). Cluster 2b expressing strains
display almost no activity in solution but are stimulated by the associated M

protein, PAM, and further still by fibrinogen (Cook et al., 2012, McArthur et al.,
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2008, Ayinuola et al., 2021b). Phylogenetic analysis also indicated that the
Cluster 2 SK are associated with specific emm patterns of the bacterium, with
SK 2a commonly coinciding with the fibrinogen binding M1 protein and 2b with
plasminogen binding PAM (McArthur et al., 2008). Cluster 1 SK, behave very
similar to Group C SK H46a in that they are not commonly associated with M
proteins and optimally activate plasminogen in solution (McArthur et al., 2008).
It has been proposed that the Cluster 2 streptokinase utilise the associated M
proteins for cell-surface plasmin generation by forming a trimolecular complex
with plasminogen-fibrinogen-streptokinase thus forming a proteolytic coat for
dissemination beyond point of infection (McArthur et al., 2008). However,
current understanding of plasmin acquisition is limited, and the relationship
between streptokinase sequence variations, M-like protein association and

bacterial pathogenicity is not fully understood at the molecular level.
The aims of the project are as follows;

A. Investigate the impact of M1 protein on fibrin clot formation, properties,
and fibrinolytic potential
B. Investigate the functional relationship between streptokinase variants,

and associated M-like proteins.

Specific aims and objectives will be stated in each chapter introduction (Section

3.1and 4.1).
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Chapter 2 Materials and Methods

2.1 Consumables

Unless otherwise stated, all chemicals and reagents were purchased from Sigma

Aldrich

2.2 Buffer preparation

Buffer

Buffer A
pH 7.8 room temperature

Buffer B

Buffer C

Buffer D (Overlay)

Buffer E (Ni NTA plates)

Buffer F (Pull-down)

Buffer G elution

Concentration
0.5M

1M

10 mM

100 mM
0.01 % (v/v)
n/a

1 mg/ml

40 mM

100 mM
0.01% (v/iv)
40 mM

100 mM
0.05% (v/v)
10 mM

20 mM

150 mM
40 mM

20 mM

150 mM
500 mM

Reagent

Tris(hydroxymethyl) aminomethane
Hydrochloric acid

Buffer A

Sodium Chloride

10 % Tween 20

Buffer B

Human Serum Albumin (HSA)
Buffer A

Sodium Chloride

Tween 20

Buffer A

Sodium Chloride

Tween 20

Imidazole

Tris/ HCI (pH 7.4 at RT)
Sodium Chloride

Imidazole

Tris/ HCI (pH 7.4 at RT)
Sodium Chloride

Imidazole
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Dialysis buffer
pH 7.4 room temperature

Halo activation mixture

Todd-Hewitt Yeast broth

Sterile C-media pH 7.5
(As per (Gera and
Mclver, 2013))

Profinity eXact wash
buffer, pH 7.2

Profinity eXact elution
buffer, pH 7.2

SUMOstar wash buffer,
pH 7.2

SUMOstar elution buffer,
pH 7.2

Table 1 Composition of frequently used buffers prepared during the project

20 mM
150 mM
15% (v/v)
67 mM

37 g/ Litre
2 g/ Litre
0.5% (wi/v)
1.5% (wi/v)
17 mM
0.4 mM
10 mM
0.1M

2M

0.1M

2M
0.25M
0.5M
0.02 M
0.04 M
0.5M
0.02 M
0.6 M

Tris/ HCI pH 7.4 (at room temp)

Sodium Chloride

Innovin

Calcium Chloride

Todd Hewitt Broth (Millipore)
Yeast extract

Protease Peptone 3 (Difco)
Yeast Extract

Sodium Chloride
Magnesium sulfate
Dipotassium Phosphate
Sodium Phosphate, pH 7.2
Urea

Sodium Phosphate, pH 7.2
Urea

Sodium Fluoride

Sodium Chloride

Tris/ HCI, pH 7.2

Imidazole

Sodium Chloride

Tris/HCI, pH 7.2

Imidazole
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2.3 Cloning and Transformation

2.3.1 SK2b and PAM Synthesis

Commercial gene synthesis of SK 2b and PAM sequences (from Streptococcus
pyogenes strain, NS88.2- accession numbers: JX898186 and AAQ64526.2,
respectively) with an additional N-terminal Profinity eXact fusion-tag (Biorad)
was performed by GenScript Biotech (Piscataway, NJ, USA). The PAM
sequence also included a C- terminal 6 x Histidine tag for experimental
purposes. Both sequences were codon optimised for expression in an E. coli
expression system. The sequences were provided as lyophilised plasmid
constructs cloned into a pET 27b (+) expression vector containing a kanamycin
selection marker. The plasmids were reconstituted in ddH-0 to a final
concentration of 100 ng/ml ready for transformation into chemically competent

cells.

Primers were also designed as a contingency plan to sub-clone the SK 2b
sequence into a pE-SUMO vector, following the previous success of SK 2a in
this system (Huish et al., 2017). Primers were designed using vector NTIl and a

100 uM cartridge purified stock was ordered from Sigma Aldrich.
2.3.2 Transformation of SK2b and PAM constructs

Autoclaved LB agar was supplemented with 50 pg/ml kanamycin and poured
into triple vent petri dishes. Rosetta™ 2 (DE3) (Merck Millipore), T7 Express
LysY (New England Biolabs) and Top10 (OneShot ®) chemically competent E.
coli cells were thawed slowly on ice. Competent cells (50 ul) and 2 pl of plasmid
(from section 2.3.1) was transferred to a pre-chilled 0.5 ml Eppendorf, gently
mixed and returned to ice for 15 minutes. The mixture was then quickly

transferred to a 42°C water bath for 120 seconds, then immediately returned to
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the ice for a further 2 minutes. SOC medium (800 ul) was then added to the
transformation mixture and bacteria was left to recover at 37°C, shaking at 250
rpm for 60 minutes. Transformed cells were spread onto LB agar plates, with

appropriate antibiotic and incubated overnight at 37°C.

The following day, two colonies from each agar plate were picked and
inoculated into 10 ml LB (50 pg/ml kanamycin) and incubated overnight at 37°C/
250 rpm. Glycerol stocks were prepared as 1 ml aliquots to a final concentration

of 15% glycerol and stored at -80°C.

2.4 Protein Expression and Purification

Expression constructs of recombinant streptokinase 2a (rSK 2a) and rM1 were
provided as Rosetta 2™ glycerol stocks by C. Thelwell (NIBSC), containing an
N- terminal SUMOstar fusion protein or Profinity eXact tag respectively.
Additionally, rSK H46a was provided as a lyophilised protein, calibrated to have
the same potency and specific activity of the WHO 3" International Standard SK

(00/464) used in previous work (Huish et al., 2017).

Bacteria was recovered from the glycerol stocks by inoculating 10 ml of LB (with
appropriate antibiotic, see Table 2) with a sterile inoculating loop containing a
scrape of the frozen stock. This was grown to saturation (overnight at 37°C,
shaking at 250 rpm). Pre-warmed LB broth (supplemented with appropriate
antibiotics) was inoculated with a 1:50 ml dilution of the overnight culture, and
placed shaking at 250 rpm/ 37°C until the culture reached an optical density

(600 nm) of ~0.5- 0.7.

Recombinant protein expression was induced by the addition of IPTG to a final

concentration of 0.4 mM and incubated for a further 4 hours shaking at 250 rpm.
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The cultures were harvested by centrifugation at 4355 g for 20 minutes at 4°C.

The pellets, containing the expressed protein of interest were stored at -40°C.
2.4.1 Affinity Chromatography

Harvested frozen bacterial pellets were thawed then weighed and chemically
lysed at ambient temperature using 4 ml B-PER reagent (Thermo Fisher
Scientific, Massachusetts, US) per gram of pellet. DNase | solution (Thermo
Fisher Scientific, Massachusetts, US) and lysozyme solution (Thermo Fisher
Scientific, Massachusetts, US) were added to a final concentration of 5 U/ml,
and 0.1 mg/ml respectively. After 15 minutes at ambient temperature the
soluble and insoluble fractions were harvested by centrifugation at 16,000 x g

for 20 minutes.

Prior to loading samples onto the respective columns, all buffer and protein
samples were de-gassed in an ultrasonication water bath, and vacuum filtered

through a 0.45 pM nitrocellulose filter membrane (Sigma Aldrich, Missouri, US).

2.4.1.1 Profinity eXact

The Profinity eXact system utilises an immobilised, extensively engineered
subtilisin protease, originally obtained from Bacillus subtilis. The protease
recognises and vigorously binds to the N- terminal co-expressed affinity tag of
the recombinant proteins. The tag cleavage reaction is highly specific and self-
initiates once triggered by a triggering ion (F-, N3-, NO2-, Cl-). To ensure the
highest purification yields were obtained, all buffers containing these ions were

removed and substituted with sodium phosphate.

Fusion proteins with an N- terminal Profinity eXact tag expressed as insoluble
inclusion bodies. The pellets were washed with a 1:10 dilution (with sodium

phosphate) of B-PER reagent and solubilised with a denaturant buffer
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containing 4 M urea. Samples were diluted with 0.1 M sodium phosphate down
to 2 M urea. The sample was centrifuged at 16,000 x g for 20 minutes to
remove any remaining cell debris. The insoluble fraction was supplemented with
cOmplete™ Protease Inhibitor (Roche, Basel, Switzerland) and stored at 4°C

until purification.

Recombinant proteins were purified on an AKTA purifier 10 (GE Healthcare Life
Sciences, Chicago, US) using a 5 ml Bio-Scale™ Mini Cartridge. The column
was equilibrated with 10 column volumes (CV) of Profinity eXact wash buffer
(Table 1) and protein was loaded at 1 ml/min. The column was then washed
with an additional 10 CV of wash buffer at 10 ml/min to limit non-specific
binding. The cartridge was equilibrated with 2 CV of Profinity eXact elution
buffer and incubated at ambient temperature for 30- 60 minutes. The bound
proteins were then eluted by resuming the flow of elution buffer (1 ml/min) until
the optical density (280 nm) reached a baseline UV. The protein was collected

automatically in 0.5 ml aliquots.

2.4.1.2 SUMOstar fusion proteins

Proteins expressed with the SUMOstar affinity tag were purified by IMAC Ni?*
affinity chromatography using a 1 ml HisTrap FF crude column (GE Healthcare
Life Sciences, Chicago, US). This system binds the protein using the

hexahistidines at the N-terminus of the SUMOstar fusion protein.

Imidazole was added to proteins prior to purification, to a final concentration of
40mM, to limit non-specific binding to the column. The column was equilibrated
with 10 CV of SUMOstar wash buffer and protein was loaded at 1 ml/min. The

column was then washed with an additional 10 CV of SUMOstar wash buffer at

63



3 ml/min. The bound proteins were eluted with an imidazole gradient ranging

from 40 mM to 600 mM at 1 ml/min for 10 minutes.

The SUMOstar fusion tag system required an additional tag removal step using
SUMOstar protease 1. Optimal results were observed following cleavage
overnight at room temperature in the presence of 2 mM DTT. Tag removal
efficiency was confirmed by SDS-PAGE analysis. The cleaved SUMOstar tag
was removed from the protein by binding the tag and protease to magnetic Ni-
NTA beads (Thermo Fisher Scientific, Massachusetts, US) and incubating the
sample for 1 hour. The protein of interest was retrieved by removing and

retaining the supernatant from the Ni-NTA resin.

All proteins were dialysed overnight against 20 mM Tris/ HCI, 150 mM NaCl, pH
8 (4°C). Protein concentrations were determined by BCA protein assay (Pierce,
Massachusetts, US) and amino acid analysis (Alta Bioscience Ltd, Redditch,

UK) (as per section 2.4.2). Several batches were made and pooled together for
all recombinant proteins, so all assays could be performed on the same pooled

protein batch.

2.4.2 Protein quantification

2.4.2.1 BCA analysis

Protein quantification by BCA analysis was performed using a Pierce™ BCA
Protein Assay Kit, as per manufacturer’s instructions. The protein to be quantified
was prediluted 1:2 and 1:4 then 25 pl (including an undiluted neat sample) was
added to the wells of a Corning™ 96-well NBS plate. A standard dilution range
(0-500 pg/ml) was prepared by diluting bovine serum albumin (BSA) with the
same diluent as the protein sample and 25 ul was placed into the well. A BCA

working reagent was prepared by mixing 50 parts BCA reagent A with 1 part of
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BCA reagent B. The reaction was initiated through the addition of 200 ul of BCA
working reagent to each sample or standard well. The 96-well plate was then
incubated at 37°C, shaking at 250 rpm for 30 minutes. The absorbance was then

read at 562 nm on a plate reader.

The blank standard replicates were subtracted from each standard and unknown
standard replicate. A standard curve was prepared by plotting the blank-corrected
562 nm measurement for each BSA sample against its concentration in pg/ml.
The standard curve was then used to determine protein concentration of each

unknown sample.

2.4.3 SDS- PAGE

SDS- PAGE (Sodium Dodecyl Sulfate PolyAcrylamide Gel Electrophoresis)
samples were prepared with 20 pl sample, 8 pl 1 x NUPAGE™ LDS sample
buffer and 3 ul NuPAGE™ sample reducing agent. The samples were
centrifuged briefly and heated to 70°C for 10 minutes. 1x Bolt™ MES SDS
running buffer (400 ml) was prepared from a 20x stock solution and poured into
a mini gel tank containing a Bolt™ 4-12% Bis-Tris gel. Samples (30 pl) were
loaded into the gel alongside 10 ul of SeeBlue™ Plus2 Pre-stained protein
standard. Gels were run at a constant voltage of 200 V for 35 minutes. Gels
were stained in an electric eStain® 2.0 protein staining device (GenScript
Biotech, Piscataway, NJ, USA) for 6 minutes. The gel is placed between an
eStain® cathode pad, containing Coomassie blue dye, and an eStain® anode
pad. The device sends a voltage through the pads driving negatively charged
Coomassie blue dye into the gel matrix to bind the proteins and out of the
protein gel into the anode pad to destain. Gels can be visualised immediately

and imaged using PXi Touch system with GeneSys® software.
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2.5 Fibrin clot properties

2.5.1 Whole Blood Collection

Whole blood samples were taken from volunteer donors at NIBSC by an onsite
phlebotomist into falcon tubes containing 0.109 M trisodium citrate, with the use
of a tourniquet. The blood was mixed at a 1-part citrate to 9-part whole blood

ratio. Blood samples were not stored overnight and were disposed of at the end
of each day. All blood donations followed the regulations of the granted Human

tissue act.

2.5.2 Permeability Assays

5 ml Syringe with
buffer to 4cm

e N
Q- volume liquid e
2 . . |
Pipett C"& iah n — viscosity T
ipette and weigh () 107 N.s/cm?
= 3
\\ 2 AP - Pressure drop
1 Density x gravity x height
C : 1.0 g/cm? x 980 dyne/g x 4cm
ross-sectional

0.0392 N/cm?3
area of clot

A=1.52 x 102cm?

7
s 4

—J 1 i} Fibrinclot

Clot length 1.7 cm

Figure 8 Schematic representation of permeation assay experimental set-
up, with important measurements used in calculation of fibrin clot pore
size.

Permeation assays were used to determine the pore size of the fibrin network in
the presence of rM1. Purified fibrin clots were prepared in 0.5 ml Eppendorf’s by
preincubating 70 pl of 3 mg/ml purified fibrinogen (Calbiochem®, plasminogen-

depleted), and rM1 (0 pg/ml — 60 pg/ml). Samples were incubated for 5 minutes

before 30 pl of activation mixture (0.2 1U/ml thrombin (01/578) and 5 mM
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calcium chloride) was added to initiate clotting. Plasma fibrin clots were
prepared in 0.5 ml Eppendorf’s by preincubating 50 ul of plasma with 25 pl of

rM1 (O pg/ml — 60 pg/ml) followed by 25 pl of activation mixture as above.

Immediately, 25 ul of the clotting mixture was transferred to 3 channels in an
uncoated IBIDI p-slide VI 0.4 (Thistle Scientific, Glasgow, Scotland), as shown
in Figure 10B. Slides were placed into a humidity chamber and incubated at

37°C for two hours.

Once the clots had formed, Buffer B (Table 1) was carefully added to one side
of the channel and a 5 ml syringe was slowly attached, ensuring no bubbles
formed. The syringe was filled to the 4 cm mark and the clot was washed for 30

minutes.

Ligquid was removed from the opposite end of the channel and the syringe was
refilled to the 4 cm mark. The volume of liquid was then weighed every 15
minutes, for 60 minutes (1 g = 1 ml =1 cm?3). A constant pressure head was

maintained by keeping the buffer level at the 4 cm mark.

Pore size of the fibrin clots were determined by calculating the permeation co-

efficient (Darcy’s constant, Ks);

K = QxnxlL
ST txAxAP

Where, Q = volume of permeated buffer (cm?); n= viscosity of buffer (102 poise
= 107 N.s/cm?); L= length of clot (1.7 cm); t= time (s); A= cross-sectional area of
clot (1.52x10? cm?); AP= Pressure drop (0.0392 N/cm?), as demonstrated in

Figure 8.

67



2.5.3 Rotational Thromboelastography

Data Output

— Alpha Alpha angle

CcT Clotting time

CFT Clot formation time

A10  Amplitude 10 minute after CT
60 MCF  Maximum clot firmness

LT Lysis Time

Detector

o
Diode

-
Oscillating axis
(+-4.75°) < :

Pin CT |CFT LT
Cup

Clotting
mixture

Figure 9 Basic diagram of experimental set up including a typical ROTEM®
TEMogram with the main parameters.

Rotational thromboelastography (ROTEM) is a point of care instrument that
measures clotting and lysis potential of a patient’s blood. A cup containing 340
ul of sample (300 pl fibrinogen source (plasma or whole blood), 40 ul rM1 (0- 60
png/ml) mixed with test activator (lyophilised EXTEM-S/ FIBTEM-S/INTEM-S))
remains fixed whilst a pin suspended into the cup, oscillates 4.75° every 6
seconds with a constant force. As the clot forms, the resistance to movement of

the pin is detected optically and converted into a TEMogram (Figure 9). The

main parameters obtained from these TEMograms are:

e Clotting time (CT): The time (s) to initiate clotting and begin clot
polymerisation (clot firmness 2 mm) from the start of measurement.
e Clot formation time (CFT): The time (s) to reach a clot firmness of 20

mm from the initiation of clotting.
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¢ Alpha angle (a-angle): The angle of tangent between the start of
measurement (0 mm) and the curve when clot firmness is 20 mm. This
parameter reflects the kinetics of clot formation. It is a measurement of
the rapidity of fibrin polymerisation and stabilisation of the clot through
cross-linking by FXllla.

e Amplitude after 10 minutes (A10): This is directly related to the
maximum clot firmness; it is a measurement of how firm (mm) the clot is
after 10 minutes.

e Maximum clot firmness (MCF): This is the maximum clot amplitude
(mm) obtained during the test. It reflects the strength of the clot overall
and is an indication of the platelet number, fibrinogen level and fibrin
cross-linking.

e Lysis time (LT): The time taken (s), from clotting time, until the clot
firmness is decreased to 10% of the maximum clot firmness during

fibrinolysis.

ROTEM measures coagulation through a variety of tests. The most relevant for
this project are the INTEM, EXTEM and FIBTEM tests. The INTEM assay
provides similar information to an APTT test, it is activated using phospholipids
and ellagic acid. The intrinsic pathway is activated, therefore can identify
deficiencies in this cascade. The EXTEM assay is activated by tissue factor,
which initiates the extrinsic clotting cascade. It can therefore identify
deficiencies in factors VII, 1X, X and prothrombin. The EXTEM assay is also the
most sensitive test to fibrinolysis. The FIBTEM test is an EXTEM based assay,
however the addition of cytochalasin D, inhibits the platelets to produce a clot
tracing that isolates the contribution of fibrinogen. The ROTEM device can

analyse 4 samples simultaneously.
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2.5.4 Scanning Electron Microscope

Scanning electron microscopy (SEM) was used to investigate the architecture of
the fibrin clots. SEM generates images of the surface of the clot by scanning the
sample with a focused high-energy beam of electrons. A high-resolution image
is then generated from two types of electrons, backscattered and secondary
electrons, ‘reflected’ from the sample. The electron column needs to be kept
under vacuum; therefore, the sample preparation includes fixation and

dehydration of the specimen.

Fibrin clots were prepared in 0.5 ml Eppendorf tubes by combining 0.2 [U/ml
thrombin (01/578), 5 mM calcium chloride and rM1 (0, 3.75, 15 and 60 pg/ml)
with 50% plasma to a volume of 100 pl. Immediately, 75 pl of this clotting
mixture was transferred to a 1.5 ml Eppendorf lid, which had been pierced
several times prior with a needle and wrapped in parafilm to prevent leakage.

The clots were then allowed to form in a humidity chamber at 37°C for 2 hours.

After 2 hours, parafilm was removed and the clots were placed in a beaker and
fixed overnight with 2% Glutaraldehyde then washed for 20 minutes three times
in 50 mM sodium cacodylate buffer (pH 7.4). The samples were then
dehydrated using a series of increasing acetone concentrations (30, 50, 60, 70,
80, 90, 95% and (3x) 100% acetone for 15 minutes per acetone concentration).
The plasma clots were transferred to fresh 100% acetone and left overnight.
The clots were critically point dried by Martin Fuller of the Astbury Biostructure
Laboratory, University of Leeds. Briefly, liquid acetone was replaced with liquid
COz2, and heated to 31°C under 1200psi to remove excess liquid. Samples were
then mounted onto 12.5 mm diameter aluminium specimen stubs with adhesive
carbon tabs (AgarScientific Ltd., Stansted, UK). The samples were sputter

coated with 10 nm thick layer of iridium using a SC7620 mini sputter coater
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(Quorum Technologies Ltd, West Sussex, UK). Clots were imaged at a
minimum of three areas at x1000, x5000, x10,000 and x20,000 magnifications
using Hitachi SU8230 (FESEM) scanning electron microscope (assisted by

Lewis Hardy, University of Leeds).

2.5.5 Laser Scanning Confocal Microscopy
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Figure 10: Representative images of Ibidi® p-Slides used in this project.
Images of slides obtained from Ibidi® official website.

The structure of the fibrin clots was also investigated using laser confocal
scanning microscopy (LSCM). LSCM generates an image, built up pixel-by-
pixel from emitted photons from fluorophores added to the samples. This is
achieved by passing a laser beam through a light source aperture which has
been focused by the objective lenses into a small region of the sample of
interest. Although the resolution of LSCM is poorer than SEM (maximum
resolution of ~200 nm in comparison to 1- 10 nm), LSCM allows for the
visualisation of samples in fully hydrated conditions, and the reconstruction of z-

stacks generates 3D images.

Fibrinogen (3 mg/ml) (Calbiochem®, plasminogen depleted) or frozen plasma
was spiked with an Alexa Fluor 594- fibrinogen conjugate to a final

concentration of 0.25 mg/ml. The fibrin clots were then formed in 0.5 ml
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Eppendorf tubes by combining plasma or fibrinogen mixture (to a final
concentration 20% plasma or 0.6 mg/ml fibrinogen and 0.05 mg/ml Alexa Fluor
594 conjugate) with rM1 (0- 60 pg/ml), 0.2 1U/ml thrombin (01/578) and 5 mM

calcium chloride to a total volume of 100 pl.

2.5.5.1 Imaging fibrin network

Clotting mixture, 20 pl, (from section 2.5.5) was transferred into three inner
wells of an uncoated Ibidi® p-Slide angiogenesis (Figure 10A) and immediately
placed into a dark humidity chamber to clot for one hour at 37°C. Slides were
placed on to the Galvo stage of a Leica TCS SP8X MP OPO Spectral confocal
microscope and imaged using a 63 x water immersion objective (Leica, HC PL

APO CS2 63X/1.20) with the following parameters;

Resolution 16-bit
Size 872 x 872 pixels
z-stack 20 pm
Slices 58
Pinhole 1.0 Airy
Zoom X2
Line average 4

Fibrin network images were processed in image J. Images were smoothed
using a gaussian filter (1.0) and brightness was auto adjusted. The z- stacks
were flattened into a 2D image and the pseudo-colour was amended by
changing the lookup table (LUT) to ‘RainbowRGB’. Fibrin density was
determined by applying a grid overlay of two lines spanning horizontally and
vertically across the image then counting the number of fibres that cross these
lines (Figure 11). The clot densities, between fibrin clots containing rM1, were
compared to the control using an ordinary one-way ANOVA with Dunnett’s

multiple comparisons test in GraphPad Prism (v. 8.1.1).

72



Figure 11 Representative image of fibrin clot processing. Z-stacks were
flattened to a 2D image, smoothed with a gaussian filter and LUT were
amended to RainbowRGB. Fibrin density was calculated from a grid
overlay, counting the fibres that crossed each line.

2.5.5.2 Imaging fibrin film

15 pl of the clotting mixture (from section 2.5.5) was transferred into three
channels of an uncoated Ibidi® p-Slide VI°# (Figure 10B). The maximum
capacity of the lbidi® p-Slide VI°# is 30 pl, therefore half filling the channels
allowed for the fibrin clot film to form due to the presence of an air-liquid
interface (Macrae et al., 2018). The slides were immediately placed into a dark
humidity chamber to clot for one hour at 37°C. Fibrin films were imaged using
Leica TCS SP8X MP OPO Spectral confocal microscope and the fibrin film was
located. The films were imaged using a 63x water immersion objective (Leica,

HC PL APO CS2 63X/1.20) with the following parameters:

Resolution 16-bit
Size 1024 x 1024 pixels
z- stack 20 um
Slices 58
Pinhole 1.0 Airy
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A 3D image of the fibrin film was constructed using Imaris 9.3.1 software
(Bitplane). Images were smoothed with a gaussian blur filter then 3D isosurface
rendering was performed using the ‘surfaces’ tool in the software. The surfaces
were created by manually adjusting the threshold (background subtraction) to fill
in the volume of the image. The surface was pseudo-coloured to a ‘spectrunm’
LUT and represents intensity of the fibrin. The minimum and maximum

intensities were amended to 0 and 20000, respectively, for each image.

2.6 Streptococcus pyogenes Growth and Maintenance

2.6.1 Bacterial Reconstitution and Stocks

A Streptococcus pyogenes strain from each evolutionary cluster (Cluster 1
strain: ATCC® BAA-1633™, Cluster 2a strain: ATCC® 700294™ and Cluster 2b
strain: ATCC® BAA-1323™) was obtained as lyophilised bacteria from LGC
(Teddington, UK.). The bacteria were reconstituted with 500 ul of pre-warmed
Todd-Hewitt-Yeast (THY) broth and allowed to rehydrate for 10 minutes.
Reconstituted bacteria were streaked, with a sterile inoculating loop, onto blood
agar plates (Tryptic Soy Agar (TSA) with sheep blood, Thermo Fisher Scientific,
Massachusetts, US) and incubated overnight at 37°C with 5% CO..
Reconstituted bacteria (100 ul) were stored in Protect Select cryobeads, by
removing 100 pl of the media and inverting three times to mix the bacteria
culture with the beads. After 10-minute incubation, all liquid was removed and
the cryobeads were stored at -80°C. The following day, the cryobeads were

used to streak blood agar plates to ensure bacteria was compatible.

2.6.2 Gram staining

An individual cryobead, stored at -80°C, was used to streak a blood agar plate

and incubated statically at 37°C, with 5% COz, overnight. The following day, an
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individual colony was picked from the plate, with a sterile inoculating loop, and
an emulsion was made in 10 pl of distilled water on a 1 mm glass slide. The
bacteria emulsion was left to air dry for approximately 20 minutes then fixed
with 10 pl of methanol. The fixed samples were flooded with crystal violet dye
for 30 seconds then gently rinsed with distilled water. Gram’s iodine (iodine and
potassium iodide) was added to the sample to act as a mordant, by forming a
larger crystal violet- iodine complex which is insoluble in water. Following
another rinse with distilled water, the sample was flushed with a decolourising
agent, containing a mixture of 95% ethanol and acetone. The decolourising
agent dehydrates the peptidoglycan layer, trapping the crystal violet- iodine
complex in Gram positive cells and washes away the complex in Gram negative
cells. The sample is washed with distilled water and flooded with safranin, a
weaker counterstain, that stains the cells red when crystal violet is not present.
Finally, the samples were rinsed a final time and blotted dry. The bacteria were
viewed under a benchtop microscope with a x100 lens to check staining, cell

morphology and for contamination.

2.6.3 Streptococcus pyogenes Growth Curves

An individual cryobead, stored at -80°C, was used to streak a blood agar plate
and incubated statically at 37°C, with 5% COz, overnight. The following day a
sterile inoculating loop was used to pick an individual colony from the blood
agar plate and was resuspended in 1000 pl of sterile THY media, in a Corning®
Costar® TC-treated 24-well plate, and placed back at 37°C, 5% CO2, overnight.
Sterile THY broth (200 pl), in a fresh sterile 96-well plate, was inoculated with 4
ul (1:50 ml) of the overnight culture. Plates were covered with Axygen®

Ultraclear sealing film, to mimic growth in a sealed tube, and read kinetically on
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a BMG FluorStar Omega plate reader with the following conditions:

Wavelength 600 nm
Temperature 37°C
Number of Cycles 40
Cycle Times 1800 s
Shaking Frequency 400 rpm
Shaking mode Double orbital
Additional Shaking before reading 10 s
Number of flashes per well 20

Due to GAS being non-motile, bacteria settles to the bottom of the well, and
aggregates during growth, therefore oscillation of the plate is essential to
ensure accurate turbidity measurements. Growth curves were then generated
using the software associated with the BMG FLUOstar® Omega plate reader

and exported to Microsoft Excel.

2.7 Enzyme assay systems

2.7.1 Solution Plasminogen Activation Assay

Plasminogen activation activity of the streptokinase variants was determined
against the WHO 3" International Standard SK (WHO 3" IS SK 00/464, NIBSC,
South Mimms, UK) in accordance to the European Pharmacopoeia (EP)".
Plasmin generation was measured using the chromogenic substrate S2251
(Val-leu-lys-p-nitroaniline-2HCI; Chromogenix, Milan, Italy), which is cleaved by
plasmin to release p-nitroaniline (pNa) (Figure 12). This is a chromophoric
group that can be monitored kinetically and is directly proportional to

plasminogen activation. A substrate solution was prepared by diluting S2251

1 Streptokinase concentrated solution 07/2008: 0356 Ph Eur 9™ Edition. Strasbourg,
France: Council of Europe; 2013
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and plasminogen (HYPHEN-BioMed) to a final concentration of 0.6 mM and 100
nM, respectively, with Buffer B (Table 1). A dose-response of streptokinase
(4.8, 2.4, 1.2 and 0.6 IU/ml, unless otherwise stated) was prepared in Buffer B
solution, with the addition of HSA (Buffer C, Table 1) and maintained in a
microtiter plate at 37°C. Plasminogen activation was initiated by mixing the
streptokinase with activation mixture to a final volume of 100 pl per well in a
Corning™ 96- well non-binding surface (NBS) plate. Reactions were measured
using a plate reader containing a thermostat (Molecular Devices Thermomax,
using Softmax software, MDC, Stanford, CA, USA) at an ODa4os with 30 second

intervals for 90 minutes at 37°C.

SK*Pgn + Pgn = Pm
Pm + S2251 - p-NA

Figure 12 pNa generation is directly proportional to pgn activation. p-NA is measured at an

ODa4os for 5400 seconds. Plasmin production is calculated from the plots of absorbance/ time?.

The raw data generated by Softmax Pro v5.0 (Molecular Devices) software was
uploaded to an R script, written by Dr. Colin Longstaff (Biotherapeutics Division,
National Institute for Biological Standards and Control, South Mimms,
Hertfordshire, United Kingdom), which calculates zymogen activation rates
(Longstaff, 2016b). The initial rates of reaction of plasmin production were
calculated from the gradient of transformed plots of absorbance (where the

substrate and plasminogen were less than 10% consumed) verses time? (s).

2.7.2 Clot- overlay assay

Plasminogen activation in the presence of fibrin was measured by using a clot-

overlay assay, in which a mixture of the plasminogen activator and S2251 were
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added to the surface of a preformed clot then monitored kinetically. Fibrin clots
were formed in a Corning™ 96-well NBS plate at 37°C (unless otherwise stated)
to a total volume of 60 pl by combining 3 mg/ml fibrinogen (plasminogen
depleted, Calbiochem®) with 5 mM calcium chloride, 100 nM plasminogen and
0.5 IU/ml thrombin (01/578). Clotting reagents were diluted with Buffer D (Table
1) in order to produce clear fibrin clots that would not affect the kinetic readings
of pNa generation (Longstaff and Whitton, 2004). Clots were formed for 60
minutes. A dilution range of plasminogen activator (described in the methods of
each chapter, (Section 3.2.1 and 4.2.4)) was prepared separately in the empty
wells, using Buffer D with the addition of 1 mg/ml HSA, and combined with 0.6
mM S2251. Clot lysis, and plasminogen activation, were initiated by transferring
40 pul of the plasminogen activator-S2251 solution to the surface of the
preformed clots. Reactions were read immediately using a plate reader
containing a thermostat at two absorbances (OD4os and ODeso) for 300 minutes
with 30 second intervals at 37°C. The raw data was exported to Microsoft Excel
(Redmood, Washington, USA) and each well was corrected by subtracting the
initial absorbance value from each time point (due to initial absorbance
differences under certain conditions tested). The absorbance at (3x) 650 nm
was then subtracted from the absorbance at 405 nm to eliminate kinetic
anomalies created from bubbles as the clot lyses. The normalised data was
then uploaded to the R script which calculates the initial rates of reactions of

plasmin production as per section 2.7.1.

2.7.3 Clot- lysis assay

Fibrinolysis of the fibrin clots was measured kinetically with turbidity assays.
Plasminogen activator is combined with fibrinogen, plasminogen, and thrombin

to form a clot that is lysed evenly throughout. This is to better represent the
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physiological haemostasis in comparison to adding plasminogen activator to a
preformed clot (as per section 2.7.2). Fibrin clots were formed in a Corning™
NBS 96- well NBS plate at 37°C. All clotting mixtures were diluted with Buffer B,
unless otherwise stated (Table 1). A dilution range of SK (2.4- 0.3 IU/ml, diluted
with Buffer C) was combined with 3 mg/ml fibrinogen (plasminogen depleted,
Calbiochem™) to a final volume of 60 pl. Fibrinolysis was initiated immediately
through the addition of 40 pl activation mixture (0.05 IU/ml thrombin (01/578), 5
mM calcium chloride and 100 nM plasminogen). Reactions were measured
kinetically on a Molecular Devices Thermomax plate reader for 7 hours with 30
second intervals at an absorbance of 350 nm. As the reaction proceeds, the
insoluble fibrinogen is converted to soluble fibrin and polymerises,
simultaneously with SK activating plasmin. Fibrin clotting and lysis was
monitored through measuring turbidimetric changes in the microtitre plate wells.
The raw data was exported to Microsoft Excel, and each well was corrected by
subtracting the initial absorbance value from each time point. The data was then
uploaded to an R script to analyse clotting and lysis data (Longstaff, 2016a).
The R script can determine multiple parameters from the raw data such as max
absorbance, area under the curve, time between clotting and 50% lysis, time to

50% lysis from peak, time to full lysis and time to max absorbance.

2.7.4 Halo Assay

Clot lysis data was obtained for whole blood samples using Halo assays
(Bonnard et al., 2017). A clot is formed from whole blood around the bottom
edge of a microtiter well, and a plasminogen activator is added to initiate lysis.
The blood clot dissolution is then monitored kinetically using a plate reader.
Whole blood clots were formed by depositing 5 ul of activation mixture (15%

Innovin v/v- and 67-mM calcium chloride diluted with Buffer B) to the bottom
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edge of a Falcon® 96-well clear flat bottom microplate. The droplet is then
spread around the bottom edge of the well with the tip of a p100 micropipette tip
containing 25 pl of citrated whole blood. The blood is released slowly and
combined with the activation mixture to initiate clotting. Halo shaped whole
blood clots form due to the fluidic cohesion effect and are left to polymerise for
30 minutes at 37°C. A streptokinase dilution range (4.8- 0.6 IU/ml, with Buffer C)
was prepared then carefully added down the side of each well, ensuring the
clots are not dislodged. Reactions were monitored on a FluorStar® Omega
microplate reader (BMG LANTECH Ltd.) with 5 second orbital shaking at 200
rpm. The plate was read at an ODs10 for 300 minutes with 30 second intervals.
Each experiment contained a negative control (lysis mixture did not contain
plasminogen activator) and positive control (Blood was not activated with
clotting mixture, instead this is substituted with Buffer B). The raw data was
exported to Microsoft Excel then uploaded to a Halo analysing R script
(Longstaff, 2018b). The script corrects the data by zeroing each well by its initial
absorbance, then calculates several parameters from the raw data such as time

to 50% lysis, area under the curve and max absorbance.

2.7.5 Surface Immobilised Assays

Cell surface plasmin generation, in the presence of M proteins, was simulated
by binding the M proteins to a Pierce™ nickel coated 96-well plates utilising the
co-expressed C-terminal histidine tags. Plasmin generation was then monitored
kinetically following addition of plasminogen activators and a chromogenic
substrate. The maximum binding capacity of the plates is ~9 pmol His-tagged
protein (27kDa) per well, therefore M protein concentration was calculated to be
in excess of the maximum. M protein (10 mM rPAM and 11 mM rM1, 100 pl per

well) was bound to the plates for 1 hour, shaking. When M proteins were not
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included in the well, the nickel was saturated with His tagged albumin (15 pg/mli,
ProSci™, Poway, CA, USA.). Excess protein was removed, and the wells were
washed three times with Buffer E (Table 1). The reaction was initiated through
the addition of 0.6 mM S2251, 100 nM plasminogen and a dilution range of
streptokinase. The reaction was then immediately measured at ODa4os for 90
minutes at 37°C on a Molecular Devices Thermomax plate reader. The raw data
was exported to an excel document and was uploaded to the R script which
calculates the initial rates of reactions of plasmin production as per section

2.7.1.

2.8 Parallel Line Bioassay

Potency estimates of the streptokinase variants were calculated in international
units (IU) relative to the WHO 3™ IS SK (00/464). Each assay system included
at least 4 streptokinase doses, made up in 2 replicate series for each sample.
The calculated data from the R- scripts were entered into CombiStats™ (v6.0,
EDQM, Strasbourg, France), a program for statistical analysis of data from
biological dilution or potency assays. The resultant dose-responses were fitted
to a parallel-line model to estimate potencies and 95% confidence intervals.
CombiStats™ (Figure 13) performs various statistical tests to ensure the assay
is valid. A non-linearity and non-parallelism at the 5% significance level is
deemed significant and subsequently the assay was determined to be invalid,
and the potency cannot be determined. Additionally, regression must be
significant for the assay to be deemed valid. Specific activities for each
streptokinase were then calculated in IU/ug using the estimated potencies and

protein concentrations determined from amino acid analysis.
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Recombinant protein Tag Selectable Marker Expression ~ MW with tag Source and form
system (kDa)
M1 | Profinity eXact™ Ampicillin 100 pg/ml | Rosetta™ 2 (DE3) 62 C. Thelwell expression construct
SK 2a | SUMOstar™ Ampicillin 100 pg/ml | T7 Express LysY 62 C. Thelwell expression construct
PAM | Profinity eXact™ Kanamycin 50 pg/ml | Rosetta™ 2 (DE3) 50 Genscript Biotech Lyophilised plasmid
SK 2b | Profinity eXact™ Kanamycin 50 pg/ml | Rosetta™ 2 (DE3) 56 Genscript Biotech Lyophilised plasmid
rSK H46a | SUMOstar™ Ampicillin 100 pg/ml | T7 Express LysY 62 S. Huish Lyophilised protein (Huish et

al., 2017)

Table 2 Recombinant proteins expressed for this work
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Chapter 3 Impact of M1 protein on fibrin clot formation, properties,

and structure

3.1 Introduction

During early GAS infection, it is proposed that the CovRS operon responds to
environmental stressors and represses the synthesis of many key virulence factors,
such as the hyaluronic acid and streptokinase, whilst upregulating the bacterial
protease SpeB (Cole et al., 2011). SpeB cleaves M proteins from the GAS cell-
surface resulting in soluble, functionally active M protein at the site of infection.
Soluble M1 protein, from the leading invasive GAS serotype, has previously been
shown to bind fibrinogen forming a pathological supramolecular complex (Section
1.4.2.1) capable of activating neutrophils and inducing vascular leakage, a common
symptom of STSS (Herwald et al., 2004, Macheboeuf et al., 2011). The complex is
also capable of activating platelets resulting in aggregation and platelet rich
microthrombi at sites of infection and at distant sites (Shannon et al., 2007).
Although M1 has previously been shown to bind fibrinogen, the consequences of this
in relation to coagulation, particularly fibrin clot formation, are poorly investigated and

understood.
The specific objectives were;

1. To express recombinant M1 protein (rM1) using an E. coli expression
system and to purify rM1 using affinity chromatography.

2. To validate rM1 as being representative of the native GAS virulence factor
by SDS-PAGE analysis (to confirm protein size) and using LSCM and pull-

down assays to assess the fibrinogen-binding properties of rM1.
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To determine the impact of rM1 protein on fibrin clot formation, using
turbidity assays to investigate lag times and maximum absorbance in
purified and plasma clots, and using KC4 delta and rotational
thromboelastography (ROTEM) to assess mechanical clot formation by
measuring the physical resistance of purified, plasma and whole blood
clots.

To investigate the fibrin clot stability in the presence of rM1 by measuring
the physical resistance of purified, plasma and whole blood clots in the
presence of rM1 using ROTEM.

To assess the impact of rM1 on fibrin clot structure using clot permeation
assays to measure the purified and plasma clot porosity. To investigate
the plasma clot architecture in the presence of rM1 using laser scanning
confocal microscopy (LSCM) and scanning electron microscopy (SEM). To
calculate clot density using the LSCM images. To investigate the impact of
rM1 protein on fibrin clot cross-linking by FXllla by densitometry analysis
of the alpha-polymer chains, D-dimer ELISA plate assays and FXllla
activity kits.

To determine the impact of rM1 protein on fibrin clot fibrinolytic potential
using turbidimetric lysis assays in a purified system, by measuring time to
100% lysis. To investigate fibrinolysis of whole blood clots incorporating
rM1 using Halo microtitre plate assays. Host and bacterial plasminogen
activators were used in this system. To calculate time to 100% lysis by
measuring physical resistance of the clot using ROTEM. Purified clot

overlay assays, using a substrate specific for plasmin, were used to
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assess the impact of rM1 on plasminogen activation activities of host
plasminogen activators, uPA and tPA.

To examine the impact of rM1 protein on fibrin clot film formation, the
protective external layer on the surface of a clot, using LSCM to visualise
the impact of rM1 protein on plasma fibrin clot film formation.

To develop bacterial migration assays from previous literature (Macrae et
al., 2018), for the purpose of investigating GAS movement through purified

fibrin clots in the presence of rM1 protein
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3.2 Methods

3.2.1 Protein expression and purification

As per section 2.4

3.2.2 Pull-down assay

Pull-down assays were employed to investigate protein- protein interactions
between fibrinogen and rM1 (Figure 14). Fibrinogen (plasminogen depleted,
Calbiochem®) and rM1 protein (diluted with Buffer B to final concentration of 1
mg/ml and 12.5 pg/ml, respectively) were combined in a 0.5 ml Eppendorf to a
total volume of 200 pl and incubated for one hour at room temperature.
HisPur™ magnetic Ni-NTA beads (Thermo Scientific™) were prepared by
equilibrating with 400 ul of Buffer F wash buffer (Table 1) three times. The rM1,
and associated proteins, were captured utilising the C-terminal co-expressed
histidine tag through the addition of 100 pl of HisPur™ magnetic Ni-NTA beads.
The samples were then incubated at room temperature on a roller mixer for 60
minutes. Beads were collected by placing the Eppendorfs in a magnetic stand
and the supernatant was removed and retained for analysis. Magnetic beads
were then washed 4 times with 1000 pl Buffer F wash buffer. Bound proteins
were eluted through the addition of 50 ul of Buffer G elution buffer and placed
on a rotating mixer roller for 30 minutes. Finally, the beads were boiled for 5
minutes, and the supernatant was removed and resolved by SDS-PAGE

analysis as per section 2.4.3.
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Figure 14 Schematic representation of pull-down assay. M1 proteins with a C-terminal His-tag
(bait) and associated proteins (prey) are captured by magnetic nickel resin. Following washes to
remove non-specific binding, the protein is eluted and resolved by SDS-PAGE analysis.

3.2.3 Turbidimetric clotting and fibrinolysis assays

Turbidity experiments were performed as per section 2.7.3 with minor
adjustments. Fibrin clots were formed in a Corning™ NBS clear 96- well plate at
37°C. A dilution range of rM1 (0.94- 60 pg/ml) and 0.2 IU/ml 3 IS SK (00/464)
was combined with 0.05 1U/ml thrombin (01/578) and 5 mM calcium chloride to
a final volume of 60 pl. The reaction was initiated with 40 pl of 3 mg/ml
fibrinogen (plasminogen depleted, Calbiochem®) and 8.2 ug/ml plasminogen
(HYPHEN BioMed). Where stated in results, plasminogen and streptokinase
was not included, and replaced with Buffer B, in order to investigate clotting
profiles alone. Turbidity measurements were immediately monitored at 405 nm,
for 5 hours with 10 second intervals on a Molecular Devices Thermomax plate
reader. The reaction proceeded at 37°C. The raw data was exported to
Microsoft Excel, and each well was corrected by subtracting the initial
absorbance value from each time point. The data was then uploaded to an R
script to analyse clotting and lysis (Shiny app, (Longstaff, 2016a)). The R script
calculated maximum absorbance, time between clotting and lysis and time to

100% lysis. The data was also used to manually calculate lag phase, which
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represents fibrinopeptides being cleaved before lateral aggregation. The lag
phase for this project was defined as the time from point O until the absorbance

reached 0.01.

3.2.3.1 M1 and fibrinogen turbidimetric analysis

Turbidimetric analysis of M1 and fibrinogen interactions was performed using a
Molecular Devices Thermomax plate reader. A dilution range of rM1 protein (62-
1.88 pg/ml) was added to a Corning™ NBS clear 96- well plate at 37°C. The
reaction was initiated with 3 mg/ml fibrinogen. Turbidity measurements were
immediately monitored at 405 nm, for 40 minutes with 30 second intervals on a
Molecular Devices Thermomax plate reader. A control was included without the

presence of rM1 protein.

3.2.1 Fibrin clot overlay assays

Fibrin clot overlay assays were performed as per section 2.7.2 with minor
adjustments. Fibrin clots were pre-formed in a Corning™ NBS clear 96-well
plate to a total volume of 60 ul at 37°C by combining a dilution range of rM1 (O-
30 ug/ml), 3 mg/ml fibrinogen (plasminogen depleted, Calbiochem®) with 5 mM
calcium chloride, 100 nM plasminogen and 0.5 IU/ml thrombin (01/578). The
clotting reagents were diluted with Buffer D (Table 1) in order to produce clear
fibrin clots. Clots were formed at 37°C for 60 minutes. Host plasminogen
activator (64 IU/ml WHO 2" International Standard uPA (11/184) or 200 IU/ml
WHO 3" International Standard tPA (98/714)) was prepared in a separate
microtitre plate, by diluting with Buffer D with the addition of 1 mg/ml human
serum albumin. Plasminogen activators were combined with 0.6 mM S2251 and
plasminogen activation was initiated by transferring 40 pl of the mixture to the
surface of the preformed clots. Reactions were read using a plate reader at two

absorbances (ODaos and ODsso) for 300 minutes with 30 second intervals at
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37°C. The raw data was exported to Microsoft Excel and each well was
subtracted by the initial absorbance value from each time point. The normalised
absorbance at (3x) 650 nm was then subtracted from the absorbance at 405 nm
then uploaded to the R script which calculated the initial rates of reaction of
plasmin generation as per section. The potencies and specific activities were

then calculated as per section 2.8

3.2.2 Coagulation analysis using KC4 Delta

Thrombin clotting time was measured on a KC4 Delta coagulometer, a semi-
automated mechanical clot detection analyser. Fibrin clots were formed in a
cuvette, containing a steel metal ball, to a final volume of 300 pl. Plasma (50%)
or 3 mg/ml fibrinogen (plasminogen depleted, Calbiochem®) and a dilution
range of rM1 (0.94-60 pug/ml) was added to the cuvette and the reaction was
initiated through the addition of 0.5 IU/ml thrombin (01/578). A control was
included in both plasma and purified conditions without the presence of rM1.
Clot formation was defined as the time (s) taken for the fibrin clot to displace the
steel ball from the magnetic sensor situated in the KC4 coagulometer. For the
plasma conditions, the rM1 protein concentration was adjusted to reflect the

decreased plasma concentration in experimental conditions.

3.2.3 Rotational Thromboelastography

Viscoelastic properties of fibrin clots in the presence of rM1 were measured
using ROTEM as per section 2.5.3. An additional condition was included to
investigate the effects of rM1 on purified fibrin clots. Briefly, 3 mg/ml fibrinogen
(plasminogen depleted, Calbiochem®) and a dilution range of rM1 (1.88- 60
pg/ml) was added to the ROTEM cup. Fibrin clot formation was initiated through

the addition of 0.5 IU/ml thrombin (01/578) and 5 mM calcium chloride. All
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reagents were preincubated at 37°C prior to use. Where stated in results, 8.2
ng/ml plasminogen (HYPHEN BioMed) and 0.15 IU/ml 3™ IS SK (00/484) was
added to the activation mixture to measure fibrinolysis. The reaction was
monitored for 1 hour and the raw data was exported to Microsoft excel. The
following parameters were compared to the O pg/ml control using an ordinary
one-way ANOVA with Dunnett’s multiple comparisons test in GraphPad Prism
(v. 8.1.1); Maximum Clot Firmness (MCF), alpha angle (a-angle) and time to

100% lysis (LT).

3.2.4 EXIII fibrin cross-linking

3.2.4.1 SDS-PAGE analysis

Fibrin cross-linking by FXIIl was examined by SDS-PAGE analysis. All protein
concentrations were reduced for optimal separation on the gels, however molar
concentrations were kept the same. Fibrin clots were prepared in 0.5 ml
Eppendorf tubes to a final volume of 10 ul by combining 0.75 mg/ml fibrinogen
(plasminogen depleted, Calbiochem®) with a dilution range of rM1 protein (15 —
0.117 pg/ml). The reaction was initiated with the addition of 0.05 IU/ml thrombin
(01/578) and 1.25 mM calcium chloride. A FXIlla inhibitor, T101, was included
as a control. Eppendorf’s were placed in an incubator at 37°C for 2 hours to
allow fibrin clots to form. Reactions were stopped through the addition of 2 x
Bolt™ LDS sample buffer and 2 x Bolt™ Sample Reducing Agent and boiled at
95°C for 5 minutes. 10 pl of Buffer B (Table 1) was added and samples were
loaded on a Bolt™ 4-12% Bis-Tris gel and stained as per section 2.4.3. Alpha-
polymer bands were used an indication of fibrin cross-linking by FXllla and were

analysed by densitometry analysis using ImageJ software.
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3.2.4.2 D- Dimer analysis
Cross-linking of fibrin clots by FXllla was also investigated using a ZYMUTEST

D-Dimer ELISA assay. The ELISA quantifies the concentration of D-Dimers, a
degradation product of cross-linked fibrin, following fibrinolysis of the clots.
Fibrin clots were prepared in 0.5 ml Eppendorf’s to a final volume of 10 pl, all
dilutions were performed using Buffer B (Table 1). 3 mg/ml fibrinogen
(plasminogen depleted, Calbiochem®) and a concentration range of rM1 protein
(0.94- 60 pg/ml) was combined and the reaction was initiated with an activation
mixture comprising 0.2 IU/ml thrombin (01/578), 5 mM calcium chloride and 8.2
pg/ml plasminogen (HYPHEN BioMed). Fibrin clots were placed at 37°C to form
for 2 hours. Fibrinolysis was stimulated through the addition of 4.8 IU/ml 3™IS
streptokinase (00/464) to the surface of each preformed clot and incubated at

37°C overnight.

The ELISA was performed using a micro-ELISA plate coated with a purified
murine monoclonal antibody that is specific for D-Dimer detection. The lysed
fibrin clots were diluted 1/50,000, with the kits sample diluent, and 200 pl was
added to the wells of a micro-ELISA plate and incubated at room temperature
for 1 hour, shaking. A dilution range of plasma D-Dimer calibrator was also
prepared and run alongside the samples. The wells were washed 5 times with 1
x wash solution and 200 ul of Anti-(H)-D-Dimer-HRP immunoconjugate was
introduced to the micro-ELISA plate. The plate was then incubated at room
temperature for 1 hour, shaking. The wells were washed 5 times with wash
solution and 200 pl of 3’, 3’, 5, 5’- tetramethylbenzidine solution (containing
hydrogen peroxide) was added to each sample. After exactly 5 minutes, 50 pul of

stop solution (0.45 M sulphuric acid) was added to each well and colour was left
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to stabilise for 10 minutes. The reaction was measured at 450 nm using a
Molecular Devices ThermoMax plate reader. D-Dimer concentrations were
estimated by forming a calibration curve with the dilution range of D-Dimer
calibration samples (0- 200 ng/ml) and test samples were interpolated. The
concentrations obtained were then multiplied by the dilution factors (x50,000) in

order to calculate final D-Dimer concentration.

3.2.4.3 FXllla activity assay

FXllla activity in the presence of rM1 was measured using an AbCam Factor
FXIllla activity kit (ab241013) as per the manufacturers protocol. The assay
uses the transglutaminase activity of the FXIllla to cross-link an amine-
containing substrate to a glutamine-containing substrate. This cross-linking
reactions results in the release of ammonia, which is quantified using a
colorimetric assay through the action of glutamate dehydrogenase indicator.
The glutamate dehydrogenase converts NADPH to NADP* resulting in a
decrease in absorbance. Although buffer and probe constituents are not stated
in the manufacturers protocol, previous ammonia release assays removed
fibrinogen by bentonite treatment and activated the FXllla with thrombin and

calcium (Katona et al., 2012) .

Samples were prepared to a volume of 25 ul in a Corning™ NBS clear 96- well
plate by adding 20% plasma (or 4.4 ug/ml native human FXIII protein
(ab62427)) to a dilution range of rM1 protein (0-60 pg/ml). A FXIllla positive
control was included through the addition of 0.008 Loewy U/ul of FXllla enzyme
solution. Additionally, a negative control was included by spiking the plasma (or
purified FXIII protein) with 5mM of the FXIlla inhibitor, iodoacetamide. A
standard dilution range was prepared using ammonium chloride solution (0-50

nmol NH4Cl) and run alongside the samples. Reactions were activated with the
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addition of 100 pl activation mixture (constituting 25 ul FXllla activation buffer,
25 ul FXllla reaction buffer, 48 pl detection buffer and 2 pl FXIllla probe per
well). Measurements were immediately monitored at 340 nm for 2 hours with 20

second intervals.

3.2.4.3.1 FXllla activity data analysis

An ammonium sulphate standard curve was created by first obtaining the
absorbance at 30 minutes for each concentration and corrected by subtracting
the O-standard control. The absolute value of AOD340 was plotted against the
nmol of the NH4Cl as per Figure 15A. The linear region of each plasma samples
kinetic curve (as demonstrated in Figure 15B) was determined. The
AOD340/AT(min) was then calculated for each plasma sample and FXIII
inhibitor control. Each plasma sample was corrected by subtracting the
AOD340/AT(min) of the FXIII inhibitor control. Finally, the FXllla activity was

calculated using the following equation:

PEU B x1000 x 100
(dL)  AxCxXx108

FXlIlla activity

Where, B is the corrected plasma FXllla activity as calculated above
(AOD340/AT(min)), A is the slope of the standard curve (example is provided in
Figure 15A. 1/slope), Cis 1.2 (nmol/Loewy U, correction factor for the amount
of ammonia under assay conditions), X is the volume of plasma (ul) included in

the assay.
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A. Ammonium sulphate standard B. Typical Data.
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Figure 15 AbCam FXllla activity kit (ab241013) data analysis. A. Typical standard curve for ammonium sulphate concentrations.
Absorbances for each NH4CI concentration are obtained at t=30 minutes and corrected by subtracting the O-standard control.
Absolute values of AOD340 are plotted against ammonium sulphate concentration. B. Representative data demonstrating typical
kinetic progressive curves for plasma with a dilution range of rM1. A negative (FXIllla inhibitor, iodoacetamide) and positive control
(purified human FXIlla) were included for comparison.
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3.2.5 Permeation experiments

Permeation assays were performed in order to determine the pore size of the
fibrin network in the presence of rM1 protein, as per section 2.5.2. In brief, fibrin
clots were formed in 0.5 ml Eppendorf’s, to a final volume of 100 pl, by
combining 3 mg/ml fibrinogen (plasminogen depleted, Calbiochem®) and rM1
(0- 60 pg/ml). Following a 5-minute incubation, the reaction was initiated
through the addition of activation mixture (0.2 IU/ml thrombin (01/578) and 5
mM calcium chloride). Plasma fibrin clots were prepared in 0.5 ml Eppendorf's
by preincubating 50 pl of plasma with 25 pl of rM1 (O pg/ml — 60 pg/ml) followed
by 25 pl of activation mixture as above Immediately, 25 pl of clotting mixture
was transferred to an uncoated IBIDI p-slide VI 0.4 (Thistle Scientific, Glasgow,
Scotland) and incubated for 2 hours. A syringe was attached to the IBIDI slides,
and the fibrin clots were washed with Buffer B for 30 minutes. The syringe was
filled to the 4 cm mark and liquid was removed and weighed every 15 minutes

for 1 hour.
Pore size was calculated from the following equation:

K = QxnxlL
ST txAxAP

Where, Q = volume of permeated buffer (cm?); n= viscosity of buffer (102 poise
= 107 N.s/cm?); L= length of clot (1.7 cm); t= time (s); A= cross-sectional area of
clot (1.52x10? cm?); AP= Pressure drop (0.0392 N/cm?), as demonstrated in

Figure 8.

3.2.6 Laser Scanning Confocal Microscopy

LSCM was used to investigate the architecture of the clots in fully hydrated
conditions as per section 2.5.5. 3 mg/ml purified fibrinogen (plasminogen

depleted, Calbiochem®), or human plasma, was spiked with 0.25 mg/ml Alexa
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Fluor 594- fibrinogen conjugate. Fibrin clots were formed by combining the
plasma or purified fibrinogen mixture (to a final concentration 20% plasma or
0.6 mg/ml fibrinogen and 0.05 mg/ml Alexa Fluor 594 conjugate) with rM1 (0- 60
pg/ml), 0.2 IU/ml thrombin (01/578) and 5 mM calcium chloride to a total volume

of 100 pl.

Fibrin clot network was imaged by transferring 20 pl of the clotting mixture to
three inner wells of an uncoated Ibidi® p-Slide angiogenesis (Figure 10A). Clots
were left to form in a dark humidity chamber at 37°C for 2 hours. The network
was then imaged using a X63 water immersion lens (Leica, HC PL APO CS2

63X/1.20) with the following parameters:

Parameter Setting

Resolution 16-bit
Size 872 x 872 pixels
z-stack 20 um
Slices 58
Pinhole 1.0 Airy
Zoom X2
Line average 4

Fibrin clot film was imaged by half filling an uncoated Ibidi® p-Slide VI°# (Figure
10B) with 15 pl of the clotting mixture. Clots were then formed in a dark humidity
chamber at 37°C for 2 hours then imaged using a x63 water immersion lens

(Leica, HC PL APO CS2 63X/1.20) with the following parameters:

Parameter Setting

Resolution 16-bit
Size 1024 x 1024 pixels
z- stack 20 pm
Slices 58
Pinhole 1.0 Airy

Images were processed in ImageJ as per section 2.5.5.1 and section 2.5.5.2
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3.2.7 Scanning Electron Microscopy

Fibrin clot architecture was investigated using SEM as per section 2.5.4. Fibrin
clots were made to a final volume of 100 pul by combining 0.2 IU/ml thrombin
(01/578), 5 mM calcium chloride and rM1 (0, 3.75, 15 and 60 pg/ml) with 50%
human plasma. 75 pl of the clotting mixture was immediately transferred to a
pierced 1.5 ml Eppendorf lid. Fibrin clots were placed into a humidity chamber
at 37°C for 2 hours then fixed overnight with 2% Glutaraldehyde. Samples were
then washed for 2 minutes, 3 times, with 50 mM sodium cacodylate buffer (pH
7.4) then dehydrated using increasing serial concentrations of acetone (0-
100%). Clots were transferred to fresh 100% acetone and incubated overnight.
Clots were critically point dried then coated with a 10 nm layer of iridium using a
SC7620 mini sputter coater (Quorum Technologies Ltd, West Sussex, UK).
Samples were then imaged, in at least three areas, at a magnification of x1000,

x5000, x10,000 and x20,000.

3.2.8 Bacterial Migration Assays

An individual Protect Select cryobead, containing Streptococcus pyogenes from
section 2.6.1, was used to streak two blood agar plates then placed statically in
an incubator at 37°C/ 5% CO2, overnight. An individual colony was picked from
the plate, with a sterile inoculating loop, and used to inoculate 1000 pl of sterile
THY media (with 20 pg/ml neomycin) in a Corning® Costar® Tissue Culture-
treated 24-well plate. The plate was then placed back at 37°C, 5% CO2,
overnight. An individual colony from each plate was also gram stained as per

section 2.6.2.
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The following day, the cell count was calculated for each bacterium (~3.6 x 108
to 8.5 x 108 cells/ml) by measuring the OD600, and inputting to an online
calculator (agilent). If multiple bacterial strains were being used, the cell count
was normalised with sterile PBS for each strain. The bacteria (1000 ul) were
dyed with 10 pl of 100 uM Molecular Probes™ BacLight™ Green Bacterial
Stain and incubated for 15 minutes at room temperature. The bacteria were
pelleted by centrifugation at 15,000 x G for 60 seconds, the supernatant was
removed, and the bacteria was re-suspended in 1 ml of C- media (with 20 pg/ml
neomycin) (Table 1). The cell count (OD600) and fluorescence (Ex 480 Em

516) of the bacteria was measured.

Fibrin clots in the presence of rM1 were formed in Falcon™ cell culture inserts
(with 0.8-pm pores). The inserts were parafilmed to keep the clotting mixture in
the well. Purified fibrinogen (3 mg/ml), incorporating increasing concentrations
rM1 protein (0-60 pg/ml), was initiated with 0.2 IU/ml thrombin (01/578) and 5
mM calcium chloride. Immediately, 100 ul of the clotting mixture was transferred
to the culture insert and placed in a humidity chamber at 37°C for 2 hours then

the parafilm was removed.

Sterile THY media (1000 pl, with 20 pg/ml neomycin) was transferred into
Corning® Costar® TC-treated 24-well plate and the Falcon™ cell culture inserts
containing the fibrin clots (incorporating 0-30 pg/ml M1) were placed inside.
Labelled Streptococcus pyogenes (300 ul), in C- media, was carefully placed on
the surface of each clot. A blank was included for each experiment, where C-
media was used instead of labelled bacteria to check for cross-contamination.
Immediately, a TO reading was taken by removing 100 ul of media from
underneath the insert and reading at an OD600 and Abs 480 EM 516. The 24-

well plate was placed statically at 37°C 5% CO:2 and readings were taken for up
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to 49 hours. Each time media was replaced. A schematic of the experimental

set up is demonstrated in Figure 16
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Figure 16 Schematic of experimental set-up of bacterial migration assays. Purified fibrin clots, incorporating rM1 (0-30 pg/ml)
and initiated with thrombin, were formed in Falcon™ cell culture inserts (with 0.8-um pores). Following a 2-hour incubation in a
humidity chamber at 37°C, Probes™ BacLight™ Green labelled Streptococcus pyogenes in a low carbohydrate C-media was
added to the surface of each clot. The inserts were placed in 24-well plates with rich THY-media and labelled bacteria migration
was monitored over 49 hours by measuring the fluorescence (Ex 480 Em 516) and absorbance (OD600) of the THY-media at time

points.

101



3.3 Results

3.3.1 Protein expression and purification

As per section 4.3.2

3.3.2 M1 protein binds fibrinogen

To validate rM1 as functionally representative of the native GAS virulence

factor, fibrinogen-binding by rM1 was investigated.

3.3.2.1 Pull down assay

A pull-down assay was developed to confirm the interaction between rM1 and
fibrinogen. rM1 protein was incubated with an 11:1 molar excess of fibrinogen
prior to the addition of Ni-NTA beads, to capture rM1 via its His-tag and any
proteins associated with rM1. Controls were also set up with rM1 alone,
fibrinogen alone and a blank with no added protein. The unbound and bound
fractions were visualised by SDS PAGE as shown in Figure 17A. Fibrinogen
alone was shown not to bind to the Ni-HTA resin (lane 7) and was
predominantly found in the unbound fraction (lane 4) indicating that fibrinogen
does not readily bind to the nickel resin. When rM1 was included, fibrinogen co-
eluted with rM1 (lane 5) and was also present in the unbound fraction (lane 2)
due to the molar excess of fibrinogen over the rM1 concentration. Co-elution of
fibrinogen with rM1 indicates that the rM1 protein binds fibrinogen and is

therefore functional.

3.3.2.2 Turbidity profile of rM1 and fibrinogen

It was observed during sample preparation for the pull-down assay, that mixing
purified fibrinogen with high rM1 concentrations (without the presence of
thrombin) resulted in a viscosity change in the sample. The gel -like substance

that formed was similar in appearance to a fibrin clot. To investigate this further,
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purified fibrinogen (3 mg/ml) and rM1 (0.94-62 pug/ml) were combined in a
microtiter plate and absorbance change was monitored kinetically at 405 nm.
An increase in turbidity of the sample was observed at rM1 concentrations
greater than 15.5 pg/ml (Figure 17B) with 62 pg/ml reaching a maximum
absorbance of ~0.08. Lower concentrations of rM1 appeared to result in a lag,
before the absorbance of the sample increased, indicating a longer running time
may have shown an increase in absorbance below 15 pg/ml rM1. Despite the
increased turbidity, the maximum absorbance observed when rM1 binds
fibrinogen was at least 10-fold lower than when fibrin is formed by the addition

of thrombin under the same conditions (Figure 19C).

3.3.2.3 Visualisation of M1-bound fibrinogen

The nature of the rM1-fibrinogen complex was further investigated using laser
scanning confocal microscopy (LSCM). Alexa Fluor 594 was added to human
plasma to fluorescently label the fibrinogen, prior to the addition of increasing
concentrations of rM1. As shown in Figure 17C, with the addition of rM1 dense
clusters of fibrinogen are formed with increased fluorescence intensity. At the
higher rM1 concentrations these clusters appear to aggregate forming networks

with no apparent uniform order.
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Figure 17 GAS M1 protein binds fibrinogen. A. SDS PAGE analysis of bound and unbound
fractions from a pull- down assay to demonstrate fibrinogen (a-chain ~63.5 kDa, B-chain ~56
kDa, y- chain ~47 kDa) binds to rM1 (54 kDa). Lanes 1- 4 show the unbound protein fractions
(blank, rM1-bound fibrinogen, rM1, and fibrinogen respectively). Lanes 5-7 show proteins
eluted from the Ni-NTA beads following boiling (rM1-bound fibrinogen, rM1, and fibrinogen,
respectively). B. Turbidity increase (OD405) observed following addition of 3 mg/ml
fibrinogen to dilution range of M1 (62-0.97 pug/ml) C. LSCM of plasma with the addition of
increasing concentrations of rM1. Fibrinogen was fluorescently labelled with Alexa Fluor 594.
Scale bar: 20 um

[M1] pg/ml 0
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3.3.3 Measuring the impact of M1 protein on fibrin clot formation

3.3.3.1 Turbidimetric assessment of fibrin clot formation and lysis

The impact of rM1 on fibrin clot formation and lysis was investigated using
turbidimetric assays. Purified fibrinogen (3 mg/ml) was preincubated with
varying concentrations of rM1 (1.88-60 pug/ml) in a microtitre plate. Fibrin clot
formation was initiated by the addition of human thrombin; for fibrinolysis
assays, streptokinase and plasminogen were also included. Clot formation (and
lysis) were monitored kinetically by measuring absorbance changes at 405 nm.
Representative clotting and fibrinolysis curves (Figure 18) show that increasing
rM1 concentrations results in apparent reduced maximum clotting absorbances

and reduced lysis times

The clotting experiments were repeated in both purified fibrinogen and human
plasma. The clotting profiles were analysed using specialised software to
calculate lag times (time taken for an initial absorbance increase of 0.01
absorbance units) and maximum absorbance. As shown in Figure 19A, a
significant decrease in lag time was observed at an rM1 concentration of 0.94
pg/ml in purified conditions (70.5 + 2.9%, relative to the control, 0 pg/ml M1).
Lag times were further reduced with increasing rM1 concentrations up to a
maximum of a 6- fold decrease at 15 pg/ml rM1 compared to the control (16.75+
2.39%, relative to the 100% 0 pug/ml control). However, when the lag time was
measured in plasma (Figure 19B), no significant differences were observed at

any concentration.

The maximum absorbance of purified fibrin clots decreased in a dose
dependant manner as rM1 concentrations increased Figure 19C. A 1.5-fold

decrease was observed at 60 ug/ml rM1 compared to the control (OD 0.81 +
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0.03 and OD 1.28 + 0.02, respectively). The maximum absorbance also showed
a dose-dependent decrease in plasma Figure 19D, to a maximum of 2.4-fold
difference at 60 pg/ml rM1 compared to the control (OD 0.16 + 0.013 and OD

0.38 £ 0.01, respectively)

3.3.3.2 Mechanical assessment of clot formation

Clot formation was investigated by measuring the physical resistance of purified
and plasma clots using a KC4 delta coagulometer. Plasma or 3 mg/ml purified
fibrinogen in the presence of rM1 (0.94-60 pg/ml) was activated with 0.5 1U/ml
thrombin (01/578). Time to clotting was defined as the time (in seconds) to
displace the steel ball from a magnetic sensor using thrombin time (TT) assays.
A control was included for both plasma and purified conditions without the
presence of rM1 protein. The data was presented as clot formation time (s), with
the standard error of the mean. The validity of the data was assessed using an
ordinary one-way ANOVA, with a Dunnett’s post-hoc test (99% confidence
interval) to compare each rM1 concentration with the O pg/ml control of plasma
or purified conditions. Using purified fibrinogen (Figure 20) rM1 concentrations
below 7.5 pg/ml produced consistent clot formation times of ~ 30.4 + 0.3
seconds. Concentrations of rM1 at and above 7.5 pg/ml resulted in extended
clot formation times: 34.03 £ 1.8 seconds at 7.5 pg/ml (p=0.44) increasing to
69.4 = 0.77 seconds at 60 pug/ml (p=<0.0001, relative to the purified control,
30.4 + 0.3) representing a 2.3-fold increase. A similar trend was observed when
human plasma was used, with extended clotting times at 7.5 pg/ml rM1 (33.9 +
0.61 seconds vs 30.03 = 0.5 seconds, p=0.08) increasing to a maximum of ~2-
fold at 60 pg/ml (58.28 + 1.34 seconds, p= <0.0001 relative to the plasma
control, 30.03 £ 0.5 seconds). Above 7.5 pg/ml, the plasma condition displayed

a faster clotting time in comparison to the purified condition (at 15 pg/ml: 35.25
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*+ 1.15 seconds verses 57.65 = 3.30 seconds, respectively; at 30 ug/ml: 48.50 £
2.16 seconds verses 61.70 = 1.43 seconds, respectively; at 60 pg/ml: 58.28

+1.34 seconds verses 69.40 + 0.77 seconds, respectively).

Viscoelastic properties of the fibrin clots were measured using rotational
thromboelastography (ROTEM), a clinical point of care instrument used to
measure the clotting and lysis potential of a patient’s blood. More parameters
can be derived from this technique, compared to the KC4 delta analysis,
because a pin constantly rotates to measure physical resistance as the clot

forms. These parameters are shown in the TEMogram (Figure 21A).

The a-angle represents the speed of fibrin formation and cross-linking. A
purified condition was first used to measure the effect of rM1 on fibrin formation.
Fibrin clots were formed with purified fibrinogen (3 mg/ml) in the presence of
rM1 protein (1.88-30 pg/ml) and activated with 0.5 1U/ml thrombin (01/578). In
purified conditions, (Figure 21B), the a-angle decreased with increasing
concentrations of rM1 and was significant at 15 pg/ml rM1 (23.25 +2.75°
verses 36.875 + 1.445 °, p= 0.0025) and above when assessed by one-way
ANOVA followed by a Dunnett’s test. The largest decrease in a-angle was at 30
pg/ml, with a ~2-fold decrease in comparison to the control (19.25 + 3.065 and

36.875 + 1.445, respectively, p= 0.0001).

The intrinsic clotting cascade was investigated with whole blood, in the
presence of rM1 (3.6-30 pug/ml), stimulated with ellagic acid using an INTEM-s
assay. As shown Figure 21C, a significant decrease in a-angle was observed at
13.3 pg/ml, compared to the control (57.7 £ 3.5 ° verses 75.4 + 0.56 °,
p=0.0003), with the largest decrease at 30 pg/ml rM1 (31.8 + 6.3 verses 75.4

0.56 °, p=0.0001).
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The extrinsic clotting cascade was investigated with whole blood, in the
presence of rM1 (3.6-30 pug/ml), stimulated with tissue factor using an EXTEM-s
assay. Under normal clotting conditions with whole blood (Figure 21D), there
was significant differences in fibrin polymerisation kinetics. A decrease in a-
angle above 7.2 pg/ml rM1, compared to the control (60.8 £ 1.7 ° vs 68.8 £ 1.03
°, p= 0.0046) was observed, with the largest decrease at 30 pg/ml rM1 (25.8 +
2.2°vs 68.8 £1.03° p=<0.0001). The a-angle could not be derived from
whole blood clots formed in the presence of 60 pg/ml rM1 due to the TEMogram
reading not reaching an amplitude of 20 mm. The ROTEM delta software does

not calculate further data such as the CFT and a-angle.

3.3.3.3 Mechanical assessment of clot stability

The physical resistance of purified fibrinogen, plasma, and whole blood clots in
the presence of increasing concentrations of rM1 protein (1.88- 60 pg/ml) was
investigated using ROTEM. A control was included consisting of purified
fibrinogen, plasma, or whole blood without the presence of rM1 protein (0 pg/ml)
and used as a comparison for the rM1 protein increasing concentrations. The
maximum clot firmness (MCF), calculated from the maximum amplitude of the
TEMogram (Figure 22A), measures the overall stability of the clot. The data was
presented as MCF (mm) with standard error of mean. The statistical
significance of the data was tested using a One-Way ANOVA with a Dunnett
post-hoc test. A purified system (Figure 22B) was first used to investigate the
effect of rM1 protein on fibrin clots. Fibrin clots were formed with 3 mg/ml
fibrinogen, in the presence of rM1 (1.88-60 pg/ml) and activated with the
addition of 0.5 IU/ml thrombin (01/578). As shown in Figure 22A, a dose-
dependent reduction in clot strength in comparison to the 0 pg/ml rM1 control

was observed with increasing concentrations of rM1, and almost undetectable
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levels at 60 pg/ml rM1 (31.42 + 0.57 mm and 2.25 + 1.32 mm respectively, p=
<0.0001). The extrinsic clotting cascade was investigated with whole blood, in
the presence of rM1 (3.6-30 pg/ml), stimulated with tissue factor using an
EXTEM-s assay. As shown in Figure 22D there was a decrease in the MCF with
increasing levels of rM1. At 13.3 pg/ml rM1 there is a 1.4-fold decrease in MCF
of whole blood clots in comparison to the O pg/ml rM1 control (41.67 £ 2.29 mm
vs 56.88 + 0.78 mm, respectively, p= <0.0001), with the largest decrease (3.1-
fold) observed at 30 pg/ml rM1 (18.43 £ 2.01 mm vs 56.88 = 0.78 mm,

respectively, p= <0.0001).

Whole blood and plasma clots in which platelets were inhibited with
cytochalasin-D (isolating the contribution of fibrinogen) were further investigated
using the fibrin-based FIBTEM assay (Figure 22B). A significant decrease of
MCF was observed from 3.6 pg/ml rM1 in both plasma (1.3-fold) and whole
blood conditions (1.4-fold) in comparison to the control (14.33 + 0.33 mm vs
18.14 + 0.74 mm (p= 0.0007), and 7.20 £ 0.42 mm vs 10 + 0.414 mm (p=
<0.0001), respectively). The largest decrease was observed at 30 pg/ml rM1,
with almost undetectable levels in both the whole blood condition, 1.43 + 0.37

mm (p= <0.0001), and plasma, 6.0 £ 0.41 mm (p= 0.0001).

The intrinsic clotting cascade was investigated with whole blood, in the
presence of rM1 (3.6-30 pug/ml), stimulated with ellagic acid using an INTEM-s
assay. As shown in Figure 22C, there is a dose dependent decrease in MCF
with increasing M1 concentrations, producing a similar profile to the EXTEM
based assay (Figure 22D). At 13.3 pg/ml rM1 protein there is a 1.5-fold
decrease in MCF of whole blood clots in comparison to the 0 pg/ml rM1 control
(37.56 £ 2.24 mm vs 57.28 £ 0.94 mm, respectively, p= <0.0001). The largest

increase was observed at 30 pg/ml rM1 with a 2.91-fold decrease in MCF in
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comparison to the control (19.67 + 3.27 mm vs 57.28 + 0.94 mm, respectively,

p= <0.0001).

In summary, as shown in Figure 22 addition of soluble rM1 protein to purified
fibrinogen, plasma and whole blood results in fibrin clots that are significantly

weaker.
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Figure 18 Representative clotting and lysis profiles in the presence of rM1 Typical clotting
(A.) and fibrinolysis (B.) curves are shown for the WHO 3rd International Standard Streptokinase
(00/464) in varying concentrations of M1 protein (0- 60 pg/ml)
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Figure 19 Parameters calculated from clotting turbidity curves. Parameters calculated
from the fibrinolysis profiles (Figure 18) in purified (A. & C.) and plasma conditions (B. &
D.). Lag times were manually calculated and defined as the time (s) for the absorbance to
reach 0.01. The data is displayed in A. & B., relative to the control O ug/ml as depicted by
the dotted line at 100%. Maximum absorbance was determined from the curves and the
raw data was plotted as per C. & D. Error bars represent SEM. (* p < 0.05, ** p < 0.01, ** p
< 0.001, **** p < 0.0001, One-way ANOVA with Dunnett post-hoc test) n=4
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Figure 20 KC4 clotting time analysis in the presence of increasing rM1
concentrations Clotting times of purified fibrinogen and plasma were determined using
thrombin time (TT) assay with a micro-mechanical clot detection KC4 coagulometer in
varying concentrations of M1 (0-60 pug/ml). Dotted line indicates clot formation time at 0
pg/ml rM1. Error bars represent SEM. (* p < 0.05, ** p < 0.01, ** p <0.001, *** p < 0.0001,
One-way ANOVA with Dunnett post-hoc test, relative to purified or plasma 0 pug/mi
condition) n=4
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Figure 21 Viscoelastic analysis of fibrin clots in the presence of rM1 protein (1.88-30 ug/ml) A. Basic diagram of experimental set up, with
a typical ROTEM® temogram. Mechanical resistance of the clots was measured with addition of thrombin, (B.), an intrinsically activated INTEM
assay (C.) or an extrinsically activated EXTEM assay (D.) performed using ROTEM. Alpha angle (a-angle) is shown. Error bars represent SEM.
(* p<0.05, *p <0.01, ** p <0.001, *** p <0.0001, One-way ANOVA with Dunnett post-hoc.) N= 9 for whole blood conditions or N= 6 for

purified conditions.
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Figure 22 Maximum Clot Firmness of purified, plasma and whole blood clots in the
presence of increasing concentrations of rM1 (1.88- 30 ug/ml) Physical strength of the clots
were measured with addition of thrombin, (A.), a fibrin based FIBTEM assay (B.), an intrinsically
activated INTEM assay (C.) or an extrinsically activated EXTEM assay (D.) performed using
ROTEM ®. Maximum clot formation (mm) after 1 hour is shown. Error bars represent SEM. (* p <
0.05, ** p <0.01, ** p < 0.001, **** p < 0.0001, One-way ANOVA with Dunnett post-hoc test,

relative to each condition O pg/ml.) n==3
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3.3.4 Assessing the impact of M1 protein on fibrin clot structure

3.3.4.1 Fibrin clot porosity

Clot permeation assays were used to determine the porosity of purified and
plasma clots with increasing concentrations of rM1 (3.75-60 pg/ml). Purified and
plasma fibrin clots were formed in uncoated IBIDI p-slides through the addition
of 3 mg/ml purified fibrinogen or frozen pooled plasma, respectively,
incorporating rM1 (3.75-60 pug/ml). Clots were initiated with 0.2 IU/ml thrombin
(01/578) and left to polymerise for 2 hours. Following washes, liquid was
permeated through the clots under a constant hydrostatic pressure for 1 hour,
and liquid was removed and weighed every 15 minutes. Permeation coefficients
(Ks) were calculated from the assays, which is a direct measure of the average
pore size of the fibrin network. A control was included in all experiments without
the presence of rM1 protein (0 pg/ml) and used for comparison purposes. At
lower concentrations of purified (Figure 23A) and plasma fibrin clots (Figure
23C) there are no significant differences in comparison to the control. However,
at 3.75 pug/ml, purified fibrin clots showed a non-significant 1.4-fold decrease in
permeability in comparison to the control (2.6 + 0.365 Ks (x 10 -9 cm?) verses
3.65 Ks + 0.361 (x 10 -9 cm?), respectively). Similarly, plasma fibrin clots with
the addition of 3.65 pg/ml rM1 showed a non-significant ~1.3-fold decrease in
permeability in comparison to the control (6.68 + 1.47 Ks (x 10 -9 cm?) verses
8.54 + 0.893 Ks (x 10 -9 cm?)). Above 23 ug/ml rM1 a gradual increase in
porosity was observed in both purified and plasma conditions. At 34 pg/ml rM1
a 2.6- fold increase in clot porosity was seen in purified conditions (9.64 + 1.38
Ks (x 10 -9 cm?) verses 3.65 + 0.36 Ks (x 10 -9 cm?), respectively, p=0.0426),
up to a maximum of ~12- fold increase at 60 pg/ml rM1 (42.53 + 3.97 Ks (x 10 -

9 cm?) verses 3.65 + 0.36 Ks (x 10 -9 cm?), respectively. p= <0.0001.)
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A similar trend was observed in plasma conditions, demonstrating a non-
significant 2.7-fold increase in porosity at 34 pg/ml rM1 (23.31 + 2.4 Ks (x 10 -9
cm?) verses 8.54 + 0.89 Ks (x 10 -9 cm?), respectively. p= 0.96.). The increase
in plasma clot porosity was up to a maximum of ~15-fold increase at 51 pg/mi
rM1 in comparison to the control (131.04 + 27.51 Ks (x 10 -9 cm?) verses 8.54 +

0.89 Ks (x 10 -9 cm?), respectively. p= <0.0001.)

Addition of higher concentrations of rM1 led to an increase in inter-experimental

variability between repeats suggesting that homogeneous clots are not formed.

3.3.4.2 FXIllla cross-linking

The change in clot porosity suggests a modification of the fibrin structure. The
effect of rM1 protein on fibrin cross-linking by FXllla was investigated as a
potential explanation for this. Fibrin clots, in the absence and presence of
varying concentrations of rM1, were reduced then subjected to SDS-PAGE
analysis (Figure 24). The impact of rM1 protein on fibrin clot cross-linking by
FXIllla was then investigated by densitometry analysis of the alpha polymer
chains (Figure 25A). A FXllla inhibitor, known as T101, was also included as a
control for the absence of fibrin crosslinking. The data was presented as relative
band density, with the standard error of the mean, and validity of the data was
assessed using an ordinary one-way ANOVA, with a Dunnett’s post-hoc test
(99% confidence interval) to compare each M1 concentration with O pg/ml
condition. A dose-dependent decrease in alpha-polymer density was observed
at rM1 concentrations above 1.88 pg/ml up to 60 pg/ml where cross-linking was
almost completely inhibited (0.049 £ 0.029 relative band density, p= 0.0027). At
lower concentrations of rM1 protein (0.48- 1.88 pug/ml) an initial increase in band

density was observed. The initial increase was up to a maximum of 1.8-fold £
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0.422 (p= 0.0099) at 0.48 pg/ml rM1, indicating an increase in cross-linking by

FXllla.

A D-dimer ELISA plate assay was also used to further investigate fibrin clot
cross-linking by FXIlla. The ELISA plate assay quantifies D-dimer
concentration, a degradation product of cross-linked fibrin, in fibrin clots lysed
through the addition of plasminogen activators and plasminogen. As shown in
Figure 24B, a similar trend as the densitometry analysis was observed. Above
15 pg/ml rM1 an overall dose dependant decrease in D-dimer concentration
was observed, up to a 3.6-fold decrease at 60 pg/ml rM1 (0.794 + 0.137 mg/ml
verses 2.86 + 0.218 mg/ml, P=<0.0001.). Additionally, consistent to the
densitometry analysis data an initial increase in D-dimer concentration was
observed. Between 1.88 pg/ml and 3.75 pg/ml rM1, there was a significant
increase in D-dimer concentration up to ~1.4-fold increase at 1.88 pug/ml rM1

(3.93 £ 0.295 mg/ml and 2.86 + 0.218 mg/ml, respectively. P= 0.0019).

The FXllla experiments above gave an indication of the impact of rM1 protein
on cross-linking of fibrin clots by FXIlla. However, the experiments do not
provide information on whether the effect is due to direct inhibition of FXIlla or
due to structural changes. The impact of rM1 protein on FXIllla activity was
therefore investigated using a Factor FXIlla activity kit method. The kit
measures FXllla activity by quantifying the release of ammonia, a biproduct of
the cross-linked amine-containing substrate to a glutamine-containing substrate.
A positive control was included in all experiments consisting of 0.008 Loewy
U/ul of FXIlla enzyme solution. As shown in Figure 26, there are no significant
differences in FXllla activity with increasing concentrations of rM1 protein in
plasma. The highest concentrations of rM1 have previously shown the most

dramatic differences in cross-linking by FXllla in comparison to the control,
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however this does not appear to be a direct inhibition of enzyme activity (4.42 +

0.76 and 4.58 + 0.79, respectively).
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Figure 24 SDS PAGE analysis of fibrin crosslinking by FXllla in presence of
rM1 Fibrin cross-linking by FXllla was investigated using 4-12% Bis-Tris SDS-
PAGE analysis for reactions containing 3 mg/ml purified fibrinogen (containing

small amounts of contaminating FXIII) preincubated with 5 mM calcium and varying
concentrations of M1 (0-60 pg/ml). Reactions were initiated with 0.2 IU/ml thrombin.

A FXllla inhibitor, T101, was included for comparison. Yellow dotted lines indicate

y-y dimers, whilst the white dotted line indicates fibrin y chain. N=3
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Figure 25 Fibrin clot cross-linking by FXllla. A. The a- polymer chains from the SDS-PAGE (Figure 24) were chosen as an indicator of cross-
linking and analysed using densitometry. Band density, relative to O pg/ml M1, was plotted against rM1 concentration. Dotted line at 1.
represents full cross-linking relative to no M1, whilst the dotted line at .0 represents no formation of alpha polymers B. Fibrin clots were formed
with varying concentration of rM1 then lysed overnight with plasmin activated by plasminogen activators. D-Dimer concentration was then
guantified by an ELISA plate assay and plotted as mg/ml of D-Dimer. Error bars represent SEM. (* p < 0.05, ** p < 0.01, ** p < 0.001, ** p <
0.0001, One-way ANOVA with Dunnett post-hoc test.) n==3
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Figure 26 FXllla activity in the presence of rM1 (1.88-60 pug/ml) Plasma FXllla
activity in the presence of rM1 (1.88-60 pg/ml) was calculated using an AbCam
Factor FXIllla activity kit method. Error bars represent SEM. (No significant
differences were found between the M1 concentrations using One-way ANOVA with
Dunnett post-hoc test.) N=5
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3.3.4.3 Investigating the impact of rM1 on fibrin clot architecture

3.3.4.3.1 Scanning Electron Microscopy

Fibrin clot architecture was investigated in human plasma using scanning
electron microscopy. As shown in the representative images (Figure 27), rM1
protein modifies the fibrin structure. At lower concentrations of rM1 (1.88 pug/ml),
the fibrin fibres appear more densely packed with an apparent decrease in the
size of the pores, which is consistent with the porosity data (section 3.3.4.1).
The white arrows demonstrate the formation of irregular fibre bundles and
compacted fibrin that are not present in the control condition (0O pg/ml rM1). At
the highest concentration of rM1 protein the overall clot network structure is lost.
However, it is important to note that even at the highest concentrations of rM1
protein fibrin fibres are still being formed despite the lack of structure. Due to
preparation artefacts causing plasma proteins or the fibrin film to adhere to the
fibrin, the fibrin fibre diameters could not be measured. Although SEM
generates a high-resolution image of the clot network, a limitation of this
technique is that the samples need to be dehydrated during the sample
preparation leading to the unwanted preparation artefacts. Additional
experiments were therefore needed to confirm the observations in a hydrated

system.

3.3.4.3.2 Laser Scanning Confocal Microscopy

The native, fully hydrated structure of plasma fibrin clots was investigated using
laser scanning confocal microscopy (LSCM) with a fluorescently labelled
fibrinogen conjugate, Alexa fluor 594. A 20 um slice was taken for each fibrin
network condition, and the resultant 58 stacks were compacted into a 2D
image. As shown in Figure 28, addition of rM1 protein results in the formation of

heterogeneous clots with irregular fibre bundles and compacted fibrin. At lower
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concentrations of rM1 (0.59- 9.4 pg/ml) individual fibres were visible allowing for
further analysis of fibrin density. The fibrin fibre count per 90 um (Figure 29)
demonstrated significant differences in fibrin density with the addition of rM1 in
comparison to the control. At lower concentrations of rM1, a denser clot was
formed with a 2.2- fold increase in fibrin fibre count at 2.35 pg/ml rM1 (52.25 +
1.29 fibres verses 23.88 = 0.91 fibres, p < 0.0001). Above 2.35 pg/ml rM1 there
is a gradual decrease in density although still significantly higher (1.6- fold) than
the control condition at 9.4 pg/ml (38.58 + 1.04 fibres verses 23.88 fibres, p <
0.0001). At rM1 concentrations above 9.4 ug/ml data cannot be obtained
because of fibrin clustering and the limited resolution of confocal microscopy.
However, consistent with the SEM images, visually there is a decrease in clot
density with increased fibrin clusters and larger pores. The intensity of the fibrin
fibre clusters increases with higher rM1 protein concentrations suggesting an
increase in clustering of the fibres. Consistent with the SEM data, higher
concentrations of rM1 protein leads to the eventual loss of the overall clot

structure.
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Figure 27 Scanning Electron Microscopy of plasma fibrin clot architecture in the presence of rM1 (0-60 pg/ml). Fibrin clots,
incorporating rM1 (0, 3.75 or 60 pg/ml) were formed in perforated Eppendorf lids then fixed, dehydrated, critically point dried and
coated with 10 nm iridium. The plasma clots were then imaged using scanning electron microscopy. Arrows indicate the formation
of irregular fibre bundles and compacted fibrin. Scale bar: 10 pm. n=3
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Figure 28 Laser Scanning Confocal Microscopy (LSCM) of plasma fibrin fibres
Fibrin fibres were formed through the addition of thrombin in the presence of varying
concentrations of rM1 protein (0-300 pg/ml). Fibrinogen was fluorescently labelled
with Alexa Fluor 594. Scale bar: 20 um. (* Excluded due to user error)
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Figure 29 Fibrin fibre density of plasma clots with rM1. Fibrin fibre density was
measured from LSCM images Figure 28. Error bars represent SEM. (**** p <
0.0001, One-way ANOVA with Dunnett post-hoc test.).
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3.3.5 Investigating the impact of M1 protein on fibrin clot fibrinolytic

potential

The impact of rM1 on fibrin clot susceptibility to lysis was investigated using
turbidimetric clot formation and lysis assays in a purified system. Clotting of 3
mg/ml purified fibrinogen, incorporating rM1 concentrations (0-30 pg/ml) and 8.3
pg/ml plasminogen, was initiated by the addition of 0.05 1U/ml thrombin. A
plasminogen activator was also incorporated, WHO 3" IS Streptokinase
((00/464) 0.225 IU/ml), to accelerate plasmin generation and initiate lysis. The
clotting and lysis profiles were monitored by measuring turbidity changes
kinetically. As shown in Figure 30A, there is an initial non-significant 1.1-fold
decrease in lysis time at 0.94 pg/ml rM1 in comparison to the control (5037.50 +
264 seconds and 5602.50 + 210 seconds, respectively). However, overall, there
was no significant differences in time to 100% lysis in purified turbidimetric plate

assays.

Fibrin clot susceptibility to lysis was also investigated by measuring the
mechanical strength of the clot using ROTEM analysis. Purified clots with
increasing concentrations of rM1 (0-30 pg/ml) and 9.3 pg/ml plasminogen were
formed with 0.5 IU/ml thrombin and 1 1U/ml 3 International Standard
Streptokinase (00/464) to initiate lysis. The lysis time was then obtained from
the subsequent TEMograms. As shown in Figure 30B, there were no significant
differences observed between lysis time for purified conditions. This is
consistent with the turbidimetric data, as even at the highest concentrations of
rM1 no significant differences were observed in comparison to the control

(1947.50 + 39.79 seconds and 2233.29 + 72.75 seconds, respectively).
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An extrinsically activated EXTEM assay, in which coagulation is initiated by the
addition of tissue factor, was used to measure fibrinolysis in whole blood
conditions with the addition of increasing concentrations of rM1 (0-30 pg/ml)
and 1 IU/ml 3rd International Streptokinase (00/464) to initiate lysis (Figure
30D). A nonsignificant decrease in lysis time was observed with increasing
concentrations of rM1 up to 1.88 pug/ml, which reduced the lysis time by
approximately 1.5-fold compared to the control with no rM1 added (1641.3
195.6 seconds and 2428.5 + 304.0 seconds, respectively. P=0.0391). Above
this concentration a dose-dependent decrease in lysis time was observed up to
a maximum of 2.2-fold decrease at 30 pg/ml rM1 compared to the control (1080
+ 126.7 seconds and 2428.5 + 304.0 seconds, respectively. P=0.0008). Lysis
data for 60 pg/ml rM1 could not be obtained due to the TEMogram output not
reaching an amplitude of 20 mm. This signifies a significantly weak clot and
other data points, such as lysis time, is not calculated by the ROTEM delta

software.

A microtitre plate-based halo assay was used to investigate further the impact
of rM1 on whole blood clot lysis. Clotting of whole blood (5%) with varying
concentrations of rM1 (0.48-30 pg/ml) was initiated with 15% v/v Innovin
reagent (recombinant human tissue factor). The clots were formed around the
edges of the microtitre plate wells forming a ‘halo’ ring. Once clotted, a lysis
solution was added to the clots, consisting of 0.75 IU/ml 3 International
Standard streptokinase to activate plasminogen and begin lysis. The
degradation of the halo clots was then monitored by measuring turbidity
changes, in a BMG FluorStar® Omega plate reader, as blood progressively
lyses into the centre of the well. As shown in Figure 30C, the halo assay results

show a similar trend to the whole blood ROTEM analysis. A 1.2-fold decrease in
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time to 100 % lysis was observed at 0.94 pug/ml rM1 compared to the control
with no rM1 (2391 £ 135.0 seconds and 2967 * 245.7 seconds, respectively, p=
0.0405). At 1.88 pg/ml rM1 the difference increased to ~1.7-fold (1767 £ 155.3
seconds and 2967 + 245.7 seconds, respectively, p <0.0001) up to a maximum
of 2.7-fold at 7.5 pg/ml rM1 (1104 + 73.5 seconds, p= <0.0001). Above this
concentration, time to 100% lysis begins increasing slowly in a dose-dependent
manner. However, in comparison to 0 ug/ml, there is still a 2.6-fold and 2.2-fold
decrease in time to 100% lysis in the presence of 15 pg/ml (2967 + 245.7
seconds and 1153 + 49.8 seconds) and 30 ug/ml (2967 + 245.7 seconds and

1308 + 66.7 seconds), respectively.

3.3.5.1 Assessing the impact of M1 on plasminogen activation

There are several possible explanations for the reduced lysis times found with
increasing rM1 protein concentrations. To determine if changes to rates of
plasminogen activation contribute to the apparent increase in susceptibility to
lysis, plasminogen activation was measured directly using clot overlay assays.
Fibrin clots were formed with 3 mg/ml purified fibrinogen, incorporating a range
of rM1 concentrations (1.88-30 pg/ml). Plasminogen (8.2 pug/ml), host
plasminogen activators, 64 lU/ml WHO 2" International Standard uPA (11/184)
or 200 IU/ml WHO 3" International Standard tPA (98/714), and a chromogenic
substrate (S2251), specific to plasmin, were added to the surface of the
preformed clot to initiate lysis. As plasmin is generated, the chromogenic
substrate is cleaved to release a chromophoric group which was monitored
kinetically at 405 nm, and the rate is used as a measure of plasminogen
activation. The assay was also monitored at 650 nm to remove background
noise caused by lysis of the purified clots; each well was corrected by

normalising by this absorbance. Specific activities were calculated relative to
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the host plasminogen activator condition without the presence of rM1 (0 pg/ml)
and presented as fold-change as per Figure 31. The host plasminogen
activators, urokinase plasminogen activator (UPA) and tissue plasminogen
activator (tPA), showed no significant differences in plasminogen activation
activity with increasing concentrations of rM1. uPA shows a non-significant
decrease in plasminogen activation activity with an average of 0.88-fold change
at all rM1 concentrations. tPA does not display any differences in activation
activity at any concentration of rM1. The assays were also repeated with a fixed
concentration of streptokinase (4.8 IU/ml) over a dilution range of rM1 protein
(1.88- 30 pg/ml) as per section 4.3.4.3. However, no particular trend was
observed with streptokinase variants activity with increasing concentrations of

rM1 protein (Figure 55).
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Figure 30 Fibrinolytic potential of fibrin
clots measured using a microtitre plate
assay (A. & C.) and ROTEM analysis (B. &
D.). Whole blood was activated with tissue
factor (C. & D.) whilst purified clots were
activated with thrombin (A. & B.). The lysis
time was then derived from the ROTEM
TEMogram (B. & D.) or presented as time to
reach 100% lysis in the microtitre assays (A.
& C.). C. represents a halo assay, whilst A.
represents a purified turbidity assay. Error
bars represent SEM. (**** p < 0.0001, One-
way ANOVA with Dunnett post-hoc test.).
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Figure 31 Plasminogen activation activity of host plasminogen activators in
the presence of rM1 Glu-plasminogen activity of host plasminogen activators, uPA
and tPA, was investigated in the presence of increasing concentrations of rM1 (1.88-
30 pg/ml) using the chromogenic solution assay against S2251. Specific activities
were calculated relative to the WHO 2nd International Standard uPA (11/184) or 200
IU/ml WHO 3rd International Standard tPA (98/714), respectively, using parallel line
bioassay analysis, and presented as fold change. The dotted line indicates uPA and
tPA without the presence of rM1. n=24 (No significant differences were found
between M1 concentrations using One-way ANOVA with Dunnett post-hoc test.)
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3.3.6 Assessing the impact of M1 protein on fibrin film formation

Laser scanning confocal microscopy was used to visualise the impact of rM1
protein on fibrin clot film formation. Figure 32 shows an LSCM image of a fibrin
clot formed with 20% plasma, in the absence or presence of 1.88 pg/ml rM1,
initiated with 0.2 1U/ml thrombin (01/578). The protective fibrin film which forms
at the external surface of the clot is indicated by the yellow arrow. The fibrin film
forms a continuous layer which is distinct from the fibrin fibre network
underneath. The fibrin film has multiple physiological roles including retaining
blood cells within the clot and providing a first line of defence against microbial
invasion. It was therefore important to investigate the impact of rM1 protein on
fibrin film formation. As shown by Figure 32, even low levels of rM1 protein
appeared to disrupt the formation of the fibrin film. A 3D image was then
constructed of the film, by taking a 20 um slice of each condition. As shown in
Figure 33, the fibrin film is demonstrated in the control condition with a red
arrow. The colour indicates the intensity of the labelled fibrin. In the control
condition the fibrin film is red, demonstrating a high density of fibrin. As the rM1
protein increases the number of pores in the film also increased, determined
visually. The intensity of the film gradually decreases until at the highest
concentration of rM1 protein (60 pug/ml), the film is no longer distinguishable

from the fibrin network underneath.

136



Fibrin Clot Film

Control 0 pg/ml M1

1.88 pg/mi M1

Figure 32 LSCM of plasma fibrin film with and without the presence of rM1 Fibrin fibres were
formed through the addition of thrombin in the presence or absence of 1.88 pg/ml rM1 Fibrinogen
was fluorescently labelled with Alexa Fluor 594 Scale bar: 20 um. Assisted by Lewis Hardy,
University of Leeds.
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Figure 33. LSCM of plasma fibrin biofilm with increasing concentrations of rM1 (4.7-60 pg/ml).
Fibrinogen was fluorescently labelled with Alexa Fluor 594. Images were constructed in Imaris
software. Scale bar: 20 ym Fibrin biofilm (arrow) forms a continuous layer on the surface of the clot,
distinct from the fibrin fibers underneath. Presence of M1 alters fibrin fiber properties and disrupts the

formation of the fibrin biofilm. N=3
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3.3.7 Pilot bacterial migration assays

Group A Streptococcus pyogenes, Cluster 1, 2a and 2b (section 2.6.1), were
obtained as lyophilised bacteria from LGC (Teddington, UK). Following
reconstitution in THY media and storage in Protect Select cryobeads, bacterial
fitness growth curves assays were performed and gram staining before

development of bacterial migration assays.

3.3.7.1 Group A Streptococcus growth curves

Streptococcus pyogenes, Cluster 1, 2a or 2b, was streaked on blood agar
plates then incubated statically overnight at 37°C/ 5% CO.2. One of the colonies
was picked and used to inoculate 1000 pl THY media, or C-media, then
incubated statically overnight at 37°C/ 5% CO:2. The following day, 4 pl of the
overnight culture was used to inoculate 200 pl of sterile THY, or C-media, (1:50
dilution) in a 96-well plate. Plates were sealed with Axygen® Ultra Clear sealing
film, then growth was measured kinetically (OD600) at 37°C on BMG FluorStar
Omega plate for 22 hours as per section 2.6.3. The plates were oscillated
before each reading as Streptococcus pyogenes is a non-motile bacterium and
settles to the bottom of the well. A blank well was included for each condition to

ensure no cross-contamination occurred.

As shown in Figure 34A, Cluster 1 and 2b Streptococcus pyogenes, displayed
similar growth rates. The log phase for each strain started after ~1 hour, with
Cluster 1 peaking after 9.5 hours (OD600: 0.635 + 0.014), and Cluster 2b after
10 hours (OD600: 0.663 £ 0.023). Cluster 2a showed slower growth rates,
starting log phase after ~1 hour but peaking around 16.5 hours (OD600: 0.616 *

0.019).
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Bacterial migration assay experiments required Streptococcus pyogenes to be
grown in two types of media, a rich THY medium and a carbohydrate poor,
peptide rich C-media (Table 1). The experiment was therefore repeated with
Cluster 2a Streptococcus pyogenes grown in the different media types.
Streptococcus pyogenes was overnight cultured in either C-media or THY
media. The overnight culture was then used to inoculate sterile media (1:50) in
a 96-well plate and measured kinetically (OD600) at 37°C on BMG FluorStar
Omega plate for 22 hours as per section 2.6.3. As shown in Figure 34B, when

Streptococcus pyogenes was overnight cultured in C-media and then inoculated
into the low nutrient C-media (®* C-C), there is a delay in log phase of ~3 hours

(OD600: 0.038 + 0.003). When the bacterium was overnight cultured in THY
medium, the log phase started ~1.5 hours when inoculated into either C-media

(m THY-C) or THY media (A THY-THY) (OD600: 0.031 + 0.004 and 0.037 +

0.006, respectively). The ® C-C condition peaked at 13.5 hours (OD600: 0.429 +

0.009), whilst m THY-C peaked at ~7.5 hours (OD600: 0.470 + 0.016) and

A THY-THY at ~9 hours (OD600: 0.532 + 0.020).

For all further experiments, Streptococcus pyogenes were overnight cultured in

THY media before inoculation in C-media.

3.3.7.2 Gram stain of Group A Streptococcus

Streptococcus pyogenes was streaked on blood agar plates then incubated
statically overnight at 37°C/ 5% COz2. The following day, one of the colonies was
picked and gram stained to check morphology and for contamination before use
in migration assays. Representative images are shown in Figure 35. Group A
Streptococcus are Gram-positive cocci therefore stain purple when Gram-
stained. Group A Streptococcus can be seen occurring in long chains (>5
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cocci), short chains, pairs and individually. Whilst some clustering has occurred,
this is likely due to the bacterial smear being applied slightly too thick to the
glass slide during preparation. Overall, there appears to be no contaminating

bacteria present.

3.3.7.3 Pilot migration assay data

Bacterial migration assays were developed to investigate the movement of
Streptococcus pyogenes through fibrin clots with increasing concentrations of
rM1 protein. Fibrin clots were formed in Falcon™ Cell Culture Inserts by adding
3 mg/ml fibrinogen, incorporating 0-30 pg/ml M1, then initiated with 0.2 1U/ml
thrombin (01/578) and 5 ml calcium chloride. After 2 hours incubation, labelled
Streptococcus pyogenes Cluster 2a was added to the surface of the clot and
the cell culture inserts were placed in 24-well plates with 1000 pl rich THY-
media in the wells. An initial fluorescence (Ex 480 Em 516) and absorbance
(OD600) reading were taken, then the plates were placed statically at 37°C/ 5%
CO2. Fluorescence and absorbance were then measured for up to 49 hours to
quantify bacterial movement through the clot. Data was corrected by subtracting
the buffer absorbance and fluorescence from each data point. The control for
this experiment was 0 pg/ml rM1. A blank was included to ensure no cross-
contamination, where bacteria was replaced with C-media. Each condition was
performed in duplicate. Due to time limitations and issues arising with the
development of the experiments Figure 36 is pilot data and only represents one

experiment.

As shown in Figure 36B, bacteria perforation is first observed in the 30 pg/ml
rM1 and 7.5 pg/ml rM1 conditions after approximately 20 hours (OD600: 0.122
+0.094 and 0.128 £ 0.122, respectively.). Whilst the fluorescent readings

(Figure 36A) shows consistent data, that bacteria perforation is first observed in
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the 30 pg/ml rM1 condition, the labelled bacteria is not observed until around 30
hours after experimental start (6.32 + 3.1 RFU). Additionally, labelled bacteria in
the 7.5 pg/ml rM1 condition does not appear to perforate the clot until ~45 hours
after the start of the experiment (4.03 + 0.86 RFU). According to the
absorbance data, Figure 36B, bacteria perforation was next seen in fibrin clots
incorporating 0.47 pg/ml rM1 protein after 24 hours (OD: 0.118 + 0.037). The
control fibrin and fibrin incorporating 1.88 pg/ml M1 showed bacterial perforation
after ~ 26 hours according to the absorbance data (OD600: 0.139 + 0.035 and
0.148 + 0.014, respectively). The fluorescence data does not show any labelled
bacteria perforating the clots until after 45 hours for both the control and 1.88
pg/ml condition (3.44 + 0.17 and 2.45 + 0.57 RFU, respectively). The blank
condition did not show any sign of cross-contamination throughout and
remained at ~0 OD and RFU. At the end of the experiment, a sample of the
remaining bacteria was removed from the surface of the clot and the
fluorescence was measured. The majority of the labelled bacteria still remained
on the surface of the clots and had not travelled through (Figure 37). There

were no significant differences between rM1 concentrations.
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Representative GAS Gram Staining

Figure 35 Representative gram staining of Group A Streptococcus Images of
Gram-positive (Purple) Group A Streptococci under a x100 lens. Group A
Streptococcus can be seen occurring in long chains (>5 cocci), short chains, pairs
and individually. No indication of contamination.
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Figure 36 Pilot data from bacterial migration through fibrin clots. Purified fibrin clots, incorporating rM1 (0.47-30 pg/ml),
activated with thrombin were formed in Falcon™ Cell Culture Inserts (with 0.8 um pores) and Probes™ BacLight™ Green labelled
bacteria in a poor carbohydrate media was placed on top. The cell culture inserts were placed into a 24-well plate containing 1000
pl rich THY media. Fluorescence (Ex. 480 Em 516) A. and absorbance (OD600) B. readings were taken from the bottom of each
well for up to 49 hours to measure migration of the bacteria through the clot. N=1
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3.4 Discussion

Recent genomic analysis of invasive GAS infections has found that the emm 1
strain are the most commonly found serotype associated in epidemiological
investigations (Gherardi et al., 2018, Nelson et al., 2016, Luca-Harari et al.,
2009, O'Grady et al., 2007) . Additionally, since the 1980’s a global resurgence
of invasive diseases has been attributed to the emergence of novel highly
virulent and prevalent mutant strains of GAS such as M1T1 (Aziz and Kotb,
2008, Barnett et al., 2013). These GAS strains contain a cell-bound virulence
factor, known as the M1 protein which aids in adherence to epithelial cells
(Okada et al., 1995, Ellen and Gibbons, 1972), intracellular invasion of host
cells (Cue et al., 2000), immune evasion (Oehmcke et al., 2010) and
microcolony formation (Frick et al., 2000). However, the M1 protein is thought to
be cleaved from the GAS surface by SpeB (Berge and Bjorck, 1995a) or
neutrophil proteinases (Herwald et al., 2004), resulting in functionally active
fragments at the site of infection during early infection. M1 protein has been
found to bind fibrinogen in solution, constructing pathological supramolecular
complexes that are capable of activating neutrophils and inducing vascular
leakage, a common symptom of STSS (Macheboeuf et al., 2011). This M1-
fibrinogen complex has also been shown to be capable of activating platelets,
and subsequently activating neutrophils and monocytes, causing microthrombi
to be deposited at local and distant sites (Shannon et al., 2007). The impact of
rM1 in terms of fibrin clot formation has not currently been investigated. Fibrin
formation is an essential part of innate immunity, providing a scaffold to prevent
blood loss and allow repair, forming a protective layer on the surface of blood

clots and trapping bacteria within fibrin networks to limit dissemination.
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The M1 protein used in this project is from the GAS strain SF370 (Figure 6),
which is an ancestral strain to the highly virulent and prevalent M1T1 GAS
strain, 5448. The M1T1 GAS clone diverged from the ancestral strain SF370
through horizontal gene transfer mechanisms (Maamary et al., 2012) which lead
to the acquisition of two additional virulence factors, the superantigen SpeA and
streptodornase Sdal and increased expression of extracellular toxins NAD*-
glycohydrolase (Nga) and SLO (Cole et al., 2011, Maamary et al., 2012). M1
protein from SF370 strain was used in this project because the strain is well
characterised, with the genome first being sequenced in 2001 (Ferretti et al.,
2001), and has therefore been widely used in research. Additionally, multiple
sequence alignments of SF370 M1 protein with the M1T1 5448 M1 protein
(Accession code: AKK71110.1) revealed that the amino acid sequences were
99.8% identical. Therefore, it safe to assume that the findings in this project can
translate to the M1T1 5448 binding fibrinogen, and the effects on fibrin clot

formation properties.

The M1 protein was recombinantly produced in E. coli as described in section
4.3.2. The amino acid sequence with domains is shown in Figure 38. Whilst the
Profinity eXact tag is cleaved off precisely, leaving native N-terminal amino

acids, the C-terminal histidine tags are for later experiments (Section 4.2.7)
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Figure 38 Amino acid sequence for the M1 protein used in this project. (A.) Schematic representation of the rM1 protein with the co-expressed N
terminal Profinity eXact tag and C-terminal 6 x Histidine tag. Each set of arrows correlates to the domain sequences shown in (B.) The Profinity eXact tag is
cleaved off during the purification steps leaving native mature recombinant protein.
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3.4.1 rM1 and fibrinogen complex

Reports of M proteins forming insoluble complexes in human plasma date back
to 1965, with this being identified as a result of interactions between M proteins
and fibrinogen (Kantor, 1965). Since then, much work has been done to
characterise this complex including determining the partial crystal structure,
which demonstrated that the M1 protein dimer binds via its B1 B2 domains to
four fibrinogen D domains, in a cross-like pattern (Macheboeuf et al., 2011).
Therefore, it was important to demonstrate that the recombinantly produced M1
protein in this project binds to fibrinogen and is functionally representative of the
GAS virulence factor. Pull-down assays (Figure 17A) confirmed that the rM1
protein binds fibrinogen. Additionally, during sample preparation, combining
purified fibrinogen and rM1 (without the presence of thrombin), changed the
viscosity of the sample to a gel-like consistency. When this viscosity change
was observed kinetically (Figure 17B), the change in turbidity presented a
similar profile to fibrin clot formation. However, it is important to note that the
maximum absorbances observed were always at least 10-fold lower than when
fibrin clots were formed by addition of thrombin under the same conditions.
Previous studies confirmed that the M1-fibrinogen clustering is not due to
thrombin-like cleavage of fibrinogen by adding serine proteinase inhibitors to the
complexes (Herwald et al., 2004). The nature of the rM1-fibrinogen complex
was further investigated using LSCM (Figure 17C). Consistent with previous
SEM imaging (Herwald et al., 2004, Macheboeuf et al., 2011), the LSCM
showed dense clusters of rM1- bound fibrinogen and at higher concentrations of
rM1, the clusters aggregated forming networks that were distinct from fibrin

networks.
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Interestingly, previous studies indicated that the M1- fibrinogen complex only
formed when both the proteins are in equilibrium (Kantor, 1965). With some
studies showing that M1 protein, at 1 pg/ml, in (10%) plasma concentrations of
fibrinogen were optimal for complex formation and at higher or lower
concentrations the complexes do not form (Herwald et al., 2004, Shannon et
al., 2007). However, the experiments conducted during the present study have
demonstrated that although the gel might not be visible to the eye, the
fibrinogen complexes formation can still be visualised using turbidity and LSCM
at varying concentrations. All reagents in this experiment were pre-warmed to
37°C and maintained at 37°C during experimental conditions. A recent study
demonstrated that PAM does not exist as a dimer at 37°C, the optimum
temperature for GAS growth (Ayinuola et al., 2021a). Therefore, it is highly
plausible that the M1 protein also exists as a monomer at this temperature,

leading to the observed differences due to different experimental conditions.

3.4.2 Fibrin clot formation

The fibrin clot polymerisation kinetics in the presence of rM1 protein were
investigated using turbidimetric assays, KC4 coagulometer and ROTEM
analysis. The main parameters derived from the turbidimetric curves was the
lag times, which indicates the time required for protofibrils to grow to a sufficient
length to begin lateral aggregation, and the maximum absorbance, which
reflects the cross-sectional area of the fibrin fibres and the number of protofibrils
per fibre (Carr and Hermans, 1978, Wolberg et al., 2002). The maximum
absorbance was consistent for both purified (Figure 19C) and plasma conditions
(Figure 19D), whereby a dose-dependent decrease in maximum absorbance
was observed as rM1 protein concentrations increases; to a maximum of -1.5-

fold decrease in the purified conditions and -2.4-fold difference in plasma
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condition at 60 pg/ml rM1 protein in comparison to the control (section 3.3.3.1).
As discussed in section 1.1.4.4, literature suggests a change in maximum
absorbance is usually indicative of a shift in average fibrin fibre diameter. More
specifically, a decrease in maximum absorbance has previously been
associated with thinner fibrin fibres (Carr and Hermans, 1978). However, in
purified samples using the maximum absorbance for fibre diameter predictions
depends on the fibrinogen concentration and internal fibrin density remaining
constant in all experimental conditions (Pieters et al., 2020). Furthermore,
turbidimetric analysis of plasma fibrin clots have suggested that the maximum
absorbance in plasma conditions is more strongly associated with the overall
clot density, rather than the fibre diameters (Pieters et al., 2020). Therefore, it
was clear that further analysis of the clot structure was needed as described in

section 3.4.3.

The turbidimetric lag times for the purified fibrinogen (Figure 19A) and plasma
samples (Figure 19B) appeared to show conflicting results with increasing
concentrations of rM1. Whilst the lag times in purified fibrinogen appeared to
decrease with increasing concentrations of rM1 protein (up to a maximum of 6-
fold decrease at 15 pg/ml in comparison to the control), thus suggesting an
increased rate of lateral aggregation of protofibrils. The plasma condition
showed no significant differences between rM1 conditions. The decreased lag
time observed with the purified turbidity experiments should be interpreted with
caution, due to the immediate fibrinogen-M1 fibrinogen complex formation
described in section 3.4.1 and section 3.3.2. Overall, the turbidity experiments
provided the first indications that the rM1 protein was modifying the fibrin clot
properties and was the starting point of the additional experiments. However,
information that can be derived from this technique is limited, with some results
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being potentially misleading. For example, it is unclear whether the observed
changes in maximum absorbance were due to fibrin diameter changers, or
internal fibrin density changes and whether the decrease in lag times were due
to increased rate of lateral aggregation of protofibrils or the fibrinogen and M1

complexes.

Fibrin clot formation properties were also investigated using a micro-mechanical
clot detection KC4 delta coagulometer, which defines clotting time (s) as the
time taken for the fibrin clot to displace the steel ball from the magnetic sensor
(section 3.2.2). The purified and plasma fibrin clots were activated using
thrombin therefore measuring the final step in the clotting cascade, the
conversion of soluble fibrinogen to insoluble fibrin. The results demonstrated
that after 7.5 ug/ml rM1, there was a significantly slower clot formation time in

both purified and plasma conditions (Figure 20).

ROTEM was utilised to measure the viscoelastic properties of the fibrin clots.
ROTEM measures the fibrin clot formation through the resistance to the
movement of a rotating sensor pin placed in a cup containing the clotting
mixture. More parameters can be derived from this technique as shown by a
typical temogram (Figure 9) because, unlike the KC4 delta coagulometer, it
does not stop moving once the clot has formed. The main parameter used from
the temogram to investigate the kinetics of fibrin clotting was the a-angle. The
ROTEM data was consistent with the KC4 delta coagulometer analysis; in
purified and whole blood conditions, a decrease in a-angle was observed with
increasing concentrations of rM1 (Figure 21). A decrease in a-angle reflects
prolonged clot formations times and a decreased clot stability, implying that the
coagulation factors are not functioning normally, and initiation of clotting is

impaired.
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The maximum clot firmness confirms this trend, whereby an increase in rM1
protein lead to a decrease in purified, plasma and whole blood clots stability
(Figure 22) .The same trend was observed whether the clots were activated via
the intrinsic cascade (INTEM) or the extrinsic cascade (EXTEM) activator. In
both conditions, when whole blood clots are formed, the decrease in MCF could
be attributed to a decrease in platelet function or platelet concentration. This
could potentially be due to rM1- fibrinogen complex binding to the platelet
integrins, although activation would not occur due to the absence of IgG
antibodies against the rM1 protein (Shannon et al., 2007). However, when
platelets were inactivated by cytochalasin D in the FIBTEM assays (Figure
22B), the trend was still observed suggesting that there is also insufficient
fibrinogen levels (Cannata et al., 2021). It is important to note that when rPAM,
plasminogen binding M protein, was added to the clotting mixture instead of
rM1, no significant differences were observed in clot strength (see Appendix
7.2), suggesting it is not a property of all M proteins. The decrease in MCF in
the presence of increasing concentrations of M1 is likely due to the formation of
the rM1- fibrinogen complexes disrupting the fibrin clot formation. An
explanation for the observed reduced stability, in all conditions with increasing

concentrations of rM1 could be due to a decrease in cross-linking by FXllla.

3.4.3 Fibrin clot structure

Fibrin clots are stabilised by the formation of covalent isopeptide bonds by the
plasma transglutaminase, FXIllla. FXllla crosslinks glutamine and lysine
residues in the y chain and a chains of neighbouring fibrin monomers, forming y
-y dimers, a-y polymers and a-polymers, which mediates red blood cell
retention and increases the clot stiffness (Byrnes et al., 2015). FXllla

crosslinking has previously been shown to impact clot formation by decreasing

154



the clot firmness (Jambor et al., 2009), so was investigated as a possible
explanation for the observed decrease in ROTEM a-angle and MCF, with
increasing rM1 concentrations. Fibrin clots were formed with increasing
concentrations of rM1 then reduced and subjected to SDS-PAGE analysis
(Figure 24). The a-polymer chains were chosen as an indication of crosslinking
due to the close proximity of rM1 to the y-dimers in molecular weight on the gel.
Densitometry analysis of the a-polymer bands (Figure 25A.) revealed at the
lower concentrations of rM1 protein (0.48- 1.88 pg/ml), the band intensity was
higher than the control condition (0 pg/ml rM1), suggesting an increase in cross-
linking is occurring. However, above this concentration (3.75- 60 pg/ml M1)
there is a dose-dependent decrease in band intensity until at 60 ug/ml, the band
intensity is almost the same as the FXllla inhibitor condition (T101) suggesting
very little cross-linking is occurring. Visual inspection of the y-dimers suggests
that the rM1 protein is having a smaller effect on the y-y crosslinking. However,
there is a significantly less intense band at the 60 ug/ml rM1 condition, in
comparison to the control (0 ug/ml rM1). FXIlla cross-links the y- chains very
early in fibrin clot formation (Chen and Doolittle, 1971, Purves et al., 1987),
whilst a-polymer chains are cross-linked at a much slower rate (Cottrell et al.,
1979, Matsuka et al., 1996, Sobel and Gawinowicz, 1996). Crosslinking of the
two chains are believed to play independent roles in fibrin clot formation and
structure, with the a- chain influencing the fibre thickness, fibrinolysis rate and
clot strength. Whilst the y-chain plays a role in fibrin fibre appearance time and
fibre density (Duval et al., 2014). Thus, suggesting the decrease in a-polymer
chains could be an explanation for the decreased clot firmness in the higher
concentrations of rM1. A D-dimer ELISA assay was used to confirm the

observed decrease in cross-linking with increasing concentrations of rM1. A D-
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dimer is a degradation product of cross-linked fibrin clots. A similar trend to the
densitometry analysis was observed. At lower concentrations of rM1 (1.88- 15
pg/ml) an increase in D-dimer concentration was observed and at higher
concentrations of rM1 (30-60 pg/ml) a dose dependent decrease in D-dimer, in
comparison to the control condition (O ug/ml M1) (Figure 25B). Whilst the D
dimer is much higher at 3.75 — 15 pg/ml in these experiments, in comparison to
the densitometry analysis, it is important to note that the D-dimer takes into
account y-chain cross-linking, whilst the densitometry was only analysing the a-
polymer chains. A FXllla activity assay was performed to see if the rM1 was
directly inhibiting the FXIlla activity or indirectly inhibiting the FXIllla crosslinking
due to structural conformation causing inaccessibility of sites. As shown in
Figure 26, there was no significant differences observed in the FXIlla activity

with increasing concentrations of rM1.

The decrease observed in the maximum absorbances (turbidimetric
experiments), a-angle, MCF (ROTEM) and fibrin clot cross-linking (densitometry
and D-dimer) with increasing concentrations of rM1 protein, all suggest a
significantly altered clot structure. The Darcy constant, or Ks, were calculated
from permeation experiments, which represents the average pore size of the
purified or plasma fibrin network (Carr et al., 1977). As shown in Figure 23, a
similar profile is observed in both purified (Figure 23A and B) and plasma
(Figure 23C and D) conditions; at lower concentrations of rM1 a non-significant
decrease in porosity was observed in comparison to the control (0 pg/ml M1),
and above concentrations of ~23 pg/ml M1 a significant increase in porosity
was observed. The higher concentrations of rM1 caused more inter-
experimental variability suggesting that heterogeneous clots were being formed.
The porosity data appears to be inversely related to the FXllla experiments,
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with increased cross-linking at the lower rM1 and decreased cross-linking at the
higher rM1 concentrations. This is consistent with previous in vitro studies
investigating the impact of FXllla on fibrin clot porosity which have indicated
that purified fibrin clots formed in the presence of FXllla had a 2.1-fold decrease
in permeability (Ks) in comparison to clots formed in the absence of FXllla

(Hethershaw et al., 2014).

The fibrin clot architecture in the presence of increasing concentrations of rM1
protein was visualised in both dehydrated and hydrated conditions using SEM
and LSCM. Based upon the decreased absorbance with increasing
concentrations of rM1 protein, observed in the turbidimetric results (Figure 19C
and D), the fibrin clots with rM1 were expected to be denser with thinner fibres
in comparison to the control (0 ug/ml M1). As demonstrated in the represented
SEM images (Figure 27), upon visual inspection at lower concentrations of rM1
the fibrin clots appeared to be denser and heterogeneous with irregular fibre
bundles and compacted fibrin. At the highest concentration of rM1 (60 pg/ml),
the overall clot structure was lost. However, there was still evidence of fibrin
fibres being formed. The major limitation of SEM is during sample preparation
the specimens need to be dehydrated because the imaging is conducted under
vacuum. Dehydration leads to fibrin fibre shrinkage that can cause
underestimations of diameter and fibre length and overestimates the fibre
density (Collet et al., 2000b, Baradet et al., 1995). Additionally, ROTEM has
demonstrated that a dramatic decrease in clot firmness is occurring with
increasing concentrations of rM1 protein (Figure 22) therefore it is also a
possibility that the loss of clot structure observed in the images at the highest
concentrations is also a dehydration preparation artefact (the clots are
collapsing). The fibrin fibre diameter could not be calculated from the images
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due to the presence of plasma proteins coating the fibres. Plans were put into
place to repeat the experiments with additional washes to remove these
proteins, however due to travel restrictions because of Covid-19 pandemic and

time limitations this was not possible.

To overcome the limitation of potential dehydration preparation artefacts
observed in SEM imaging, the plasma (Figure 28) and purified (see Appendix
7.1) fibrin clots with increasing concentrations of rM1 were visualised using
LSCM. Whilst the resolution is much lower than SEM imaging, LSCM allows
clots to be visualised in a fully hydrated native state spiked with a fluorescently
labelled fibrinogen, Alexa fluor 594. The LSCM imaging in both purified and
plasma samples are consistent with the SEM data (Figure 27) and porosity data
(Figure 23), demonstrating the formation of dense clots with irregular fibre
bundles at lower concentrations and at higher concentrations the fibrin clots
visually show larger pores, irregular clusters and thick fibrin bundles.
Interestingly, in plasma conditions, the fibrin fibres in the lowest concentrations
of rM1 (1.2- 9.4 pg/ml) appeared to exhibit greater curvature in comparison to
the control condition which appeared to be straighter, suggesting the presence

of rM1 is causing the formation of less stiff fibres.

Similar fibrin clustering has been reported in other studies such as in the
presence of a polymer, known as polyphosphates, which is secreted from
activated platelets. Similar to rM1, in the presence of polyphosphates a reduced
turbidity was observed and SEM analysis revealed heterogeneous clots, with
tight fibrin fibre aggregates interspaced with large pores, in comparison to the
control (absence of polyphosphates) which had a homogeneous fibre network
(Mutch et al., 2010). However, the polyphosphate does not have any effect on

fibrin cross-linking by FXllla and the porosity of fibrin clots decreased
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suggesting the observed structure differences are due to a different mechanism
than in the presence of rM1. rM1 has a calculated net charge of -6.25 at a pH of
7.4 giving it a negative charge (pl = 6.014), polyphosphates are also negatively
charged and can bind fibrinogen suggesting some of the observed fibrin

characteristics could be due to charge (Mutch et al., 2010).

As described in section (Section 1.2.2) Clfa from Staphylococcus aureus is a
surface bound protein that is capable of binding to the fibrinogen y -chain.
Similar to M1 protein from Streptococcus pyogenes, cell bound Clfa is capable
of activating platelets by binding the platelet integrin GPIlIb/lla, mediated by a
fibrinogen bridge to GPIIb/llla platelet receptor. Clfa binds IgG and the Fc
interacts with the platelet Fc receptor FcyRlla. These interactions result in
platelet aggregation and promote thrombus formation (Loughman et al., 2005).
On the other hand, M1 protein is thought to be released from the cell surface
and form complexes with plasma fibrinogen which bind IgG against the M1
protein and engages the platelet receptors (Shannon et al., 2007). The
fibrinogen binding domain of Clfa has previously been isolated and truncated
protein was produced to investigate the effect on clot formation properties.
Similar to rM1, the addition of increasing concentrations of Clfa resulted in a
decreased absorbance in turbidimetric assays, and a decrease in cross-linking
by FXIlla. Although, in relation to the cross-linking Clfa was thought to prevent
y-chain crosslinking (Liu et al., 2005), rather than a-chain cross-linking as
observed in this project in the presence of rM1. The Clfa is thought to prevent
the formation of fibrin clots through the binding of the C-terminal of fibrinogen y-
chain (Deivanayagam et al., 2002), with antithrombotic effects observed in mice
(Liu et al., 2007). Whilst the M1 protein has been shown to bind to a and y

chains on the fibrinogen D domains (as described in section 1.4.2.1), these
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interactions are thought to be distant from the yC- globular head that is
responsible for platelet integrin binding and contains residues for y-y
crosslinking (Medved et al., 1997, Macheboeuf et al., 2011), suggesting there is

not inhibition of fibrin formation by the same mechanism as Clfa.

3.4.4 Fibrin clot fibrinolytic potential

As described in section 1.1.4.4, changes in the fibrin clot microstructure can
affect the clots susceptibility to fibrinolysis by plasmin. For example, Collet et al
demonstrated that clots with tight conformations and thinner fibres have a much
slower lysis times than clots with thick fibres and loose conformations. However,
at the individual fibrin fibre level, thinner fibres were found to be cleaved at a
faster rate than thicker fibres (Collet et al., 2000a). There have also been many
studies on effects of dysfibrinogenemia (coagulation disorders characterised by
an abnormal form of fibrinogen), where typically fibrinogen mutations which
result in fibrin clots with thin fibres, increased branch points, small pores and
are stiffer, are lysed at a slower rate (Weisel and Litvinov, 2008). The
permeation of plasmin and plasminogen activators through the fibrin network
could play an important role in fibrinolysis rates. Purified clots, incorporating the
plasminogen activator streptokinase, with increasing concentrations of rM1
were monitored with turbidimetric assays (Figure 30A), and time to 100% lysis
was calculated from the fibrinolysis profile. Despite the observed decrease in
clot firmness (ROTEM) and increased porosity at higher concentrations of rM1
(Ks), no significant differences were observed. The same was seen when
measuring the mechanical resistance of the clot to calculate lysis time (Figure
30B), where no significant differences were observed with increasing
concentrations of rM1. To better represent physiological conditions, a whole

blood assay was used with increasing concentrations of rM1. Whole blood clots,
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in the presence of rM1, were clotted around the edge of a well with tissue factor.
A lysis solution, containing streptokinase was added to the surface and whole
blood clot dissolution was measured kinetically using a BMG FluorStar® Omega
plate reader. As expected, based upon the previous porosity and clot firmness
results, increasing the rM1 protein concentration leads to the faster fibrin clot
dissolution times (Figure 30C). ROTEM analysis also confirmed this trend which
demonstrated a faster lysis time with increasing concentrations of rM1 (Figure
30D). The presence of red blood cells (RBC) has previously been shown to
modify the structural and viscoelastic properties of clots, with high numbers of
RBC leading to the formation of thicker fibrin fibres. However, the RBC do not
appear to affect the permeability of the clots (Gersh et al., 2009, Carr and
Hardin, 1987). The presence of RBC and platelets in the whole blood condition
could explain the observed differences between purified and whole blood
conditions. Fibrinolysis occurs in two major steps, the first involving the
conversion of plasminogen to plasmin by a plasminogen activator. It was
therefore of interest to see if the presence of rM1 changed the rates of
plasminogen activators leading to the apparent increase in susceptibility to lysis.
Fibrin clots were formed with increasing concentrations of rM1 then
plasminogen activator and a substrate specific for plasmin was added to the
surface of the preformed clot. As plasmin is generated, the chromogenic
substrate is cleaved to release a chromophoric group which was monitored
kinetically at 405 nm, and the rate is used as a measure of plasminogen
activation. However, as shown in Figure 31 increasing the concentration of rM1
bound fibrinogen does not affect the rate of plasmin generation in host
plasminogen activators, uPA and tPA, or the streptococcal plasminogen

activator, streptokinase (Figure 55). Therefore, suggesting that the differences
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in dissolution rates are due to structural changes in the clots with increasing
concentrations, rather than the generation of more plasmin by plasminogen

activators.

The streptokinase used in this experiment (WHO 3 International Streptokinase
(00/464)) is fibrin independent and does not require fibrin for plasminogen
activation (Huish et al., 2017). uPA also does not have a binding sites for fibrin,
but tc-uPA has been shown to activate glu-plasminogen at a 10-fold higher rate
in the presence of fibrin which is thought to be due to the plasminogen
conformational change upon fibrin binding (Cesarman-Maus and Hajjar, 2005).
However, tPA binds to fibrin C-terminal lysine residues via the finger domain to
activate plasminogen, with the presence of fibrin increasing the tPA activity by
100-1000-fold (de Vries et al., 1991, Rijken et al., 1982, Hoylaerts et al., 1982).
It would therefore be of interest to repeat the fibrinolysis experiments with the
presence of host plasminogen activators, to see if the dense fibrin clusters and

change in fibrin structure reduces the ability of the tPA to bind the fibrin clots.

3.4.5 Fibrin clot biofilm

A recent study demonstrated that the surface of the clot is covered by a
protective fibrin film, which encapsulates and helps retain blood cells whilst
providing the first line of defence against bacterial invasion. The fibrin film forms
during conversion of insoluble fibrinogen to soluble fibrin at the air-liquid
interface of the clot and it is distinct from the fibrin network structure underneath
(Macrae et al., 2018). The impact on the formation of the fibrin film in the
presence of increasing concentrations of rM1 was investigated by LSCM. To
begin with a 10 ym z-stack of the fibrin biofilm with and without the presence of
rM1 was imaged. The z-stacks were flattened into a 2D-image with maximum

intensity projections (Figure 32) The arrow demonstrates the present of the
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fibrin film in the control condition (0 pg/ml M1), which appeared to be absent in
the presence of rM1 (1.88 ug/ml M1). The advantage of LSCM is the ability to
reconstruct z-stacks into 3D images. Therefore, the next steps were to form
clots with increasing concentrations of rM1, then image 20 ym z-stacks of each
air-liquid interface. The z-stacks were then reconstructed in Imaris software to
create a 3D-image of the fibrin film (Figure 33), the clots were pseudo-coloured,
as per the key, to represent the intensity of the fibrin. The arrow demonstrates
the fibrin film in the control condition, distinct from the fibrin film underneath with
the fibrin film at the maximum end of the scale. As the rM1 protein concentration
increases, holes or pores begin to form in the film and the intensity begins to
decrease. Until at the maximum concentration tested (60 pg/ml M1), the film is

no longer distinguishable from the fibrin network underneath.

The proposed mechanism (Figure 39) for fibrin film formation is that upon
exposure to air, for example after injury, fibrinogen molecules are absorbed to
the air liquid interface forming an organised monolayer. At the same time, tissue
factor stimulates fibrin formation via the extrinsic cascade. Fibrin(ogen)
continues to rise to the air-liquid interface and begin to form as half-staggered
fibrin molecules and the formation of layers of fibrin builds up through A-a knob-
hole interactions and the formation of fibres. Which eventually leads to the
formation of a continuous layer of fibrin across the clot surface. Additionally, the
film can form in the absence of FXllla cross-linking (Macrae et al., 2018). The
crystal structure of the M1-fibrinogen complex has demonstrated that M1
protein binds fibrinogen D domains in a cross-like pattern (Macheboeuf et al.,
2011). This could provide an explanation for increase in fibrin film pores/holes in
the presence of rM1, with the film being entirely absent at the highest
concentrations. The conformation of the rM1- fibrinogen complex could be
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inhibiting the formation of the dense D domains at the air-liquid interface and
preventing the rapid rise of fibrinogen molecules to the surface forming an

organised monolayer upon exposure to air.
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Figure 39 Proposed model for fibrin film formation at the surface of a clot. A.
Proposed model in 2D of insoluble fibrin(ogen) rising to the air-liquid interface and
forming half-stagged fibrin molecules. D domains are represented with blue spheres,
whilst E regions are represented by red spheres. (B.) Side view of proposed 3D-
model of the fibrin film with half-staggered fibrin molecules. (C) View from the top of
the 3D fibrin model. Image reused from ‘A fibrin biofilm covers blood clots and
protects from microbial invasion’ © 2018 Macrae et al, (Macrae et al., 2018), is
licensed under CC BY 4.0
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3.4.6 Bacterial migration assays

Bacterial migration assays were developed from previous literature (Macrae et
al., 2018), in order to investigate the movement of Streptococcus pyogenes
through fibrin clots with increasing concentrations of rM1 (Figure 16). Purified
fibrin clots, with increasing concentrations of rM1, were formed in Falcon™ cell
culture inserts. Streptococcus pyogenes were fluorescently labelled with
Molecular Probes™ BacLight™ Green Bacterial Stain. One of the first changes
made to the original protocol was the low nutrient broth that Streptococcus
pyogenes was resuspended in, and the high nutrient broth that was placed into
the wells of each plate. C-media (Table 1) was chosen as a low nutrient broth
for Streptococcus pyogenes. This is a low glucose media which is thought to
represent non-preferred environments encountered by GAS during infection of
soft tissues or other environments limiting carbohydrates (Valdes et al., 2018,
Gera and Mclver, 2013). The high nutrient media placed into the well for the
bacteria to disseminate into was a rich THY medium (Table 1). Different growth
rates for GAS were observed in the different media, with THY medium

demonstrating the fastest growth rates (Figure 34B).

Each fibrin-rM1 clot condition, formed in the cell culture inserts, was placed in
the wells as demonstrated in Figure 16. Then fluorescently labelled
Streptococcus pyogenes suspended in C-media was added to the clot surface.
The fluorescence and ODsoo of the THY media in the well were then measured
at different time intervals for up to 49 hours for evidence of bacteria perforation

through the clot.

These experiments were performed using different bacteria to the literature
migration assays (Macrae et al., 2018), so there were some methodological

issues. Early experiments demonstrated no increase in fluorescence through
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the fibrin clots, despite an increase in absorbance. The control condition without
the presence of bacteria showed no contaminant growth in the media,
suggesting the increase in absorbance was GAS in the other conditions (data
not shown). To confirm this, all further experiments were supplemented with 20
Mg/ml neomycin, which is a selective marker for GAS (Blanchette and
Lawrence, 1967). The GAS was also trypsin treated prior to being fluorescently
labelled to remove bacterial surface proteins which may be binding to the fibrin
and preventing the fluorescently labelled GAS from migrating through the clots
(Khakzad et al., 2021). The trypsin was inactivated with fetal bovine serum
(FBS), and GAS were washed with PBS before the experiment proceeded to

prevent interactions with the fibrin clots.

High concentrations of rM1 caused the formation of clots with increased
porosity (Figure 23), decrease clot strength (MCF, Figure 22), decreased FXIII
cross-linking (Figure 25) and a decrease in the protective film (Figure 32 and
Figure 33). Therefore, GAS was expected to migrate through clots formed with
higher concentrations of rM1 at a faster rate in comparison to the control
condition (absence of rM1). Pilot studies (n=1, Figure 36) indicated that the
GAS migrated through fibrin clots with the two highest concentrations of rM1
tested first (30 and 7.5 pg/ml M1). Whilst the fibrin clots containing low
concentrations of rM1 (1.88 pg/ml) and the control clot (0 ug/ml M1), were the

last to see bacterial perforation.

The fluorescence increases in comparison to the absorbance increase
observed was very low for this experiment again (Figure 36A). At the end of the
experiment, the remaining bacteria was removed from the surface of the clots
and the fluorescence was measured. The majority of the fluorescently labelled

bacteria appears to have not migrated (n=1, Figure 37).
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One theory to explain the results of this experiment, could be due GAS ability to
form microcolonies (Figure 40). Whilst the M1 protein was removed from the
fluorescently labelled bacteria prior to experiment start, by trypsin treatment,
there are other GAS cell bound proteins such as the GAS pili which are trypsin
resistant (Mora et al., 2005). GAS pili can mediate binding to fibrin surfaces and
initiate the formation of biofilms and microcolonies (Fiedler et al., 2015) (Figure
40). These microcolonies provide defence against biological, physical and
chemical stress whilst facilitating bacterial growth, before dispersal of bacteria
(Vyas et al., 2019). It is highly plausible that a similar mechanism is occurring
here, where the initial fluorescently labelled bacteria is mediating binding to
surfaces and the resultant unlabelled bacterial growth is the first to disperse
through the clots. The first steps to investigate the issue with the fluorescently
labelled bacteria would be to visualise the bacterial migration using LSCM. The
LSCM could provide information on fluorescently labelled bacteria localisation.
Further work with this experiment could involve the introduction of GAS with
fluorescent proteins integrated into the genome (Liang et al., 2019, Aymanns et
al., 2011), rather than the use of a dye that binds to the membrane and only

labels the parent bacteria.
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Figure 40 GAS microcolony formation. Many GAS surface proteins aid in the
initial attachment to surfaces which is driven by environmental cues (e.g. pH,
temperature, nutrients). This includes Streptococcal collagen-like protein (Scl-
1), pili, Group A Streptococcus Protein A (AspA), as well as members of the M
protein family. Following irreversible attachment, Extracellular Polymeric
Substances, consisting of polysaccharides, nucleic acids and lipids are
produced forming a meshwork for a biofilm. Microcolonies begin to form. Biofilm
maturation induced by quorum sensing signals initiating phenotypical changes
and genetic diversification. Enhanced structural defence against biological,
physical, and chemical stress. Facilitates reproductive ability. Dispersal of
bacteria into host environment occurs due to physical forces or in response to
environmental changes (Vyas et al., 2019) Image reused from ‘Current
Understanding of Group A Streptococcal Biofilms’ © 2019 Bentham Science
Publishers (Vyas et al., 2019), is licensed under CC BY-NC 4.0

3.4.7 Future work

There are further experiments that could be done in the future to complement
the findings of the impact of rM1 on fibrin clot properties. During fibrin clot
formation, the fibrinopeptide A and B release from fibrinogen in the presence of
rM1 could be monitored by high-performance liquid chromatography (HPLC), to

further investigate the impact of M1 on polymerisation kinetics (Mutch et al.,
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2010, Cooper et al., 2003) Fibrinopeptide B related inhibition can result in
structural changes, with B:b knob hole interactions found to impact clot
susceptibility to lysis (Section 1.1.3.1).Furthermore, the clotting and lysis could
be monitored using LSCM. This would provide an explanation to the lack of
fibrin film formation and provide information on whether the fibrinogen-bound-
M1 reaches the air-liquid interface but the conformation prevents the formation,
or whether the fibrinogen-bound-M1 does not rise to the air-liquid surface at all.
Visualising the fibrinolysis could provide an explanation for the observed

differences in lysis times between whole blood and purified conditions.

The kinetics of fibrin fibre formation and network formation has been studied
extensively in static conditions in this project. In GAS infections, thrombi are
often found to occupy diverse tissue locations (Barker et al., 1987, Ashbaugh et
al., 1998). There are experiments available to visualise fibrin clot deposition and
morphology under shear flow conditions using a microfluidic device, which could
be developed to incorporate the rM1 protein. The device flows fibrinogen at a
desired shear weight into one channel, whilst introducing thrombin into another
channel. The resultant deposited clots are fixed and imaged by electron

microscopy (Neeves et al., 2010).

There are other M proteins that are capable of binding fibrinogen in plasma
including M5, M6, M12, M14, M18, M19, M23, M54 and M57 (Sanderson-Smith
et al., 2014, Glinton et al., 2017). The B repeat regions are responsible for
binding fibrinogen, however they do not share a high sequence identity, for
examples M5 has only 24% sequence identity to the M1 B-repeat regions
(Ringdahl et al., 2000). M3 and M5- protein serotypes have also been found to
be capable of forming a complex with fibrinogen and IgG to activate platelets in

a similar mechanism to M1 (Palm et al., 2021). Therefore, it would be of interest
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to investigate the impact of other fibrinogen binding M proteins on the fibrin clot
formation proteins to see if the difference in sequence variation translates to a

different impact on clot structures.

Currently the data presented in this thesis is entirely based on in vitro
experiments. Previous work has demonstrated that M1 protein mediates the
formation of platelet-rich thrombi, and M1 has been found to be localised with
aggregated platelets in tissue biopsies of a severe soft tissue infection
demonstrating these events occur in vivo (Shannon et al., 2007). It would
therefore be of interest to investigate the fibrin clot structure of these in vivo

clots formed by M1 by SEM analysis, to see if our results translate.
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Chapter 4 Studies on the functional relationship between

streptokinase variants, and associated M like proteins

4.1 Introduction

Phylogenetic analysis of streptokinase B-domain from diverse strains of GAS
has divided GAS into 3 distinct evolutionary clusters based upon sequence
variations (cluster 1, 2a and 2b). The phylogenetic studies also demonstrated
that the streptokinase clusters were associated with tissue specific emm
patterns of the bacterium (Figure 6) (McArthur et al., 2008). The streptokinase
protein sequence is highly conserved between the different clusters and
displays 85 % amino acid sequence identity to the well characterised Group C
streptokinase H46a (SK H46a) used as a thrombolytic drug (Huang et al.,
1989). However, the small sequence differences appear to contribute to
different plasminogen activation properties. SK 2a is commonly associated with
the fibrinogen binding M1 protein, and displays low plasminogen activation
levels in solution assays without co-factors, but is maximally stimulated by fibrin
(Huish et al., 2017). The significance of M1-bound fibrinogen, either at the cell
surface or free in solution following cleavage for plasminogen-activation by SK
2a is not fully understood. Similarly, SK 2b has almost no activity in solution but
is greatly enhanced in the presence of its M protein, PAM and further still in the
presence of fibrinogen (Cook et al., 2012, McArthur et al., 2008). Cluster 1
streptokinase however behave like Group C streptokinase, whereby cluster 1
can optimally activate plasminogen free in solution and does not appear to
coincide with specific M proteins (McArthur et al., 2008). The decrease in SpeB,
increases the cell-bound M protein which is proposed to promote cell surface
plasmin generation, through the formation of a trimolecular complex with
streptokinase, plasminogen and fibrinogen, allowing the bacterium to degrade
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through host barriers and disseminate from point of infection (Cole et al., 2011).
However, the relationship between streptokinase sequence variations, M-like
protein association and bacterial pathogenicity is not fully understood at the

molecular level.
The specific objectives were;

1. To research and design expression constructs for an additional
streptokinase from cluster 2b, and associated M protein (PAM). To have
sequences cloned into vectors by commercial gene synthesis and provided as
lyophilised plasmid constructs. To transform these constructs into E. coli
expression systems. Following trials, to express and purify rSK 2b and rPAM by

affinity chromatography.

2. To determine activation kinetics of streptokinase variant rSK 2b without
the presence of associated M proteins or cofactors relative to the WHO 3 IS
streptokinase (00/464) and confirm that specific activities of rSK H46a (Group C

streptokinase) and rSK 2a are consistent with previously published data

3. To determine plasminogen activation activity of rSK 2b in the presence of
fibrin(ogen) and confirm the activities of rSK H46a and rSK 2a are consistent
with previously published data by developing chromogenic solution assays to
incorporate fibrinogen. To measure plasminogen activation activity upon
addition of streptokinase variants to the surface of a preformed clot

incorporating a chromogenic substrate specific for plasmin.

4. To investigate the impact of solution and immobilised rM1 protein on
streptokinase variants activity, by developing chromogenic solution assays and
clot lysis profiles (with plasminogen) incorporating M1 protein. To develop

immobilised microtitre plate assays using rM1 protein, with a C-terminal
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Histidine tag to mimic cell surface plasmin generation. Fibrinogen will be
incorporated into assays to investigate the proposed trimolecular complex

formation.

5. To assess the impact of soluble and immobilised rPAM on streptokinase
variants activity by developing immobilised microtitre plate using rPAM protein,
with a C-terminal Histidine tag to mimic cell surface plasmin generation. To
develop chromogenic solution assays (with plasminogen) including rPAM in
microtitre plate assays. Fibrinogen will be incorporated into the assays to

investigate the proposed trimolecular complex formation.
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4.2 Methods

4.2.1 Cloning, protein expression and purification trials

4.2.1.1 Construct design

Expression constructs of recombinant streptokinase 2b (rSK 2b) and
recombinant plasminogen binding M-protein (rPAM) were designed in Vector
NTI. The gene sequences (from Streptococcus pyogenes strain, NS88.2) were
obtained from the genetic sequence database (GenBank) using the following

accession codes; streptokinase 2b: JX898186 and rPAM: AAQ64526.2

The region encoding the N-terminal signal peptides of rPAM and rSK 2b were
removed from both gene sequences and replaced with a Profinity eXact fusion-
tag (Biorad). Additionally, for rPAM, the propeptide sequence was removed and
a linker region followed by 6 histidine codons was added to the 3’ end of the
rPAM sequence to produce a flexible C-terminal 6x Histidine tag. A Ncol
restriction site was added in front of the N-terminal fusion tag and a Notl
restriction site was placed after the stop codon to enable cloning into a pET-27b

expression vector (Figure 41).

The sequences, codon optimised for expression in E. coli, were generated by
commercial gene synthesis and cloned into the pET-27b vector (GenScript
Biotech; Piscataway, NJ, USA). The expression constructs were provided as
lyophilised plasmids which were reconstituted in double distilled water to a final

concentration of 100 ng/ml, ready for transformation into competent cells.

Primers were also designed for rSK 2b as a contingency plan to enable sub-
cloning into a SUMOstar vector, to investigate an alternative expression

strategy in case there were complications with the Profinity eXact fusion tag that
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would require extensive troubleshooting. The SUMOstar fusion tag has shown

success with streptokinase 2a in previously published data (Huish et al., 2017).

4.2.1.2 Heat-shock transformation

The rSK 2b and rPAM plasmid constructs were transformed into two different
expression strains of E. coli: Rosetta™ 2 (DE3) (Merck Millipore) and T7
Express LysY (New England Biolabs). Chemically competent cells of both
strains were transformed according to the manufacturers’ instructions; 50 ul of
Rosetta™ 2 and LysY competent cells were thawed on ice then transferred to a
pre-chilled 0.5 ml Eppendorf. Reconstituted plasmid (2 ul of 100 ng/ul from
section 4.2.1.1) was added and mixed by tapping the tube. The mixture was
returned to ice for 15 minutes before being heat-shocked in a 42°C water bath
for precisely 120 seconds, then returned back to ice for 2 minutes. SOC media
was pre-warmed to 37°C and 800 ul was added to the heat-shocked mixture
then placed into a 37°C incubator shaking at 250 rpm for 60 minutes. The
transformation mixture was streaked onto LB agar plate containing 50 pg/ml
Kanamycin, then incubated at 37°C overnight. Plasmids were also transformed
into a cloning vector, TOP10 chemically competent E. coli cells, using this
method. The procedure was repeated twice for each plasmid construct and

expression system.
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Figure 41 rPAM and rSK 2b construct design. The region encoding the N-terminal signal peptides of rPAM and rSK 2b were removed from
both gene sequences and replaced with a Profinity eXact fusion-tag (Biorad). Additionally, for rPAM, the propeptide sequence was removed
and a linker region followed by 6 histidine codons was added to the 3’ end of the rPAM sequence to produce a flexible C-terminal 6x
Histidine tag. A Ncol restriction site was added in front of the N-terminal fusion tag and a Notl restriction site was placed after the stop codon
to enable cloning into a pET-27b expression vector. The sequences, codon optimised for expression in E. coli, were generated by

commercial gene synthesis and cloned into the pET-27b vector (GenScript Biotech; Piscataway, NJ, USA).
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4.2.1.3 Expression and solubility screening

Following the transformation (Section 4.2.1.2), two colonies from each LB agar
plate were picked and used to inoculate 10 ml of LB broth (containing 50 pg/ml
Kanamycin) then incubated overnight at 37°C (shaking at 250 rpm). Glycerol
stocks were prepared as 1 ml stocks from the overnight culture to a final
concentration of 15% glycerol and stored at -80°C. A small scale expression
was then performed to check the expression, yield and solubility of each protein
in each expression system. Briefly, LB broth (containing 50 pg/ml Kanamycin)
was inoculated with the overnight culture, 1:50 ml dilution, and placed shaking
at 37°C until the culture reached an ODsoo of 0.5-0.7. Recombinant protein
expression was induced with the addition of 0.4 mM isopropyl! B-D-1-
thiogalactopyranoside (IPTG). A non-induced control was also included during
the screening process for each condition and expression system. The samples
were then either placed in a 37°C incubator shaking at 250 rpm for a further 4
hours, or placed in an 18°C incubator, shaking at 250 rpom overnight. The
cultures were harvested by centrifugation at 4355 G for 20 minutes at 4°C and

the pellets were stored at -40°C until further analysis.

The bacterial pellets were lysed by B-PER as described in section 2.4.1. The
separated insoluble, soluble, and whole cell (before separation by
centrifugation) fragments were reduced and subjected to SDS-PAGE analysis

to visualise protein expression, solubility, and yield.

4.2.1.4 Purification trials

Purification trials were conducted using Profinity eXact mini spin columns to
check purification conditions and ensure efficient tag removal. Briefly, Profinity
eXact wash buffer and Profinity eXact elution buffer (as described in Table 1),

were prechilled at 4°C. The storage buffer from the Profinity eXact spin columns
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was removed by centrifugation at 1000 x g for 30 seconds. The resin was
equilibrated with 500 pl Profinity eXact wash buffer then centrifuged at 1000 x g
for 30 seconds. This step was repeated twice. Following lysis of the bacterial
pellets, as per section 4.2.1.3, 600 pl of the insoluble fraction was added to the
columns. The lysate was gently mixed with the resin with a pipette then the
column was placed on a rocking platform for 20 minutes at 4°C. The column
was then centrifuged at 1000 x g for 30 seconds and the flow through was
retained for SDS PAGE analysis. The resin was washed twice with 500 pl of
Profinity eXact wash buffer, with centrifugation at 1000 x g for 30 seconds, in-
between washes. The native protein was eluted with the addition of 500 pl of
Profinity eXact elution buffer. The buffer was mixed into the resin by pipetting
and the samples were incubated on a rocking platform at room temperature for
30 minutes. After the 30 minutes, columns were centrifuged at 1000 x g for 30
seconds and the collected fractions were retained for SDS PAGE analysis. The

elution step for repeated twice to ensure all protein was collected.

4.2.2 Protein expression and Purification

Recombinant streptokinase 2a (rSK2a) and recombinant M1 (rM1) protein were
provided as expression constructs in the form of a glycerol stock by Dr. Craig
Thelwell. The expression constructs were designed to produce rSK 2a and rM1
proteins with N-terminal fusion tags (SUMOstar and Profinity eXact
respectively). Recombinant streptokinase H46a (rSK H46a) was available as a
lyophilised protein in sealed ampoules, value assigned in U relative to the
WHO 3" international standard for streptokinase (00/464) (WHO 3 IS

Streptokinase (00/464)) by Dr. Sian Huish (Huish et al., 2017).

The large-scale expression and purification of the recombinant proteins were

performed as per section 2.4 .
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4.2.3 Solution plasminogen activation

Solution plasminogen activation tests were performed as per section 4.2.3.
Briefly, the plasminogen activation activity of the streptokinase variants was
determined against the WHO 3™ IS SK (00/464) in accordance to the European
Pharmacopoeia method (EP)2. Plasmin generation was measured using the
chromogenic substrate S2251 (Chromogenix), which is cleaved by plasmin to
release a chromophoric group, pNa, and can be monitored kinetically. A dilution
range of streptokinase (4.8-0.6 IU/ml) was mixed with 100 nM glu-plasminogen
(HYPHEN BioMed) and 0.6 mM S2251 substrate. All reactions were made up to
a final volume of 100 pl per well. Where stated in the results, amendments were
made to this method to investigate the effect of M proteins on streptokinase
plasminogen activity. The assays included a dilution range of M protein (0-295.8
pg/ml rPAM or 0-60 pg/ml M1 protein) with 4.8 [U/ml streptokinase or a dilution
range of streptokinase (4.8 IU/ml- 0.6 1U/ml) with 3.1 pg/ml M protein. In some
experiments, the more readily activatable, Lys-plasminogen (Immuno, Vienna,
Austria) was used in replacement to the Glu-plasminogen to a final
concentration of 100 nM. Plasminogen activation was measured using a
Molecular Devices Thermomax plate reader at ODa4os at 30 second intervals for

90 minutes at 37°C.

The raw data generated by Softmax Pro v5.0 (Molecular Devices) software was
uploaded to an R script, written by Dr. Colin Longstaff, which calculates
zymogen activation rates (Longstaff, 2016b). The initial rates of reaction of

plasmin production was calculated from the gradient of transformed plots of

2 1Streptokinase concentrated solution 07/2008: 0356 Ph Eur 9w Edition. Strasbourg,
France: Council of Europe; 2013
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absorbance (where the substrate and plasminogen were less than 10%

consumed) verses time? (s).

4.2.3.1 Addition of fibrinogen

The plasminogen activation solution assays were also used to investigate the
impact of fibrinogen on streptokinase plasminogen activation activity. A dilution
range of streptokinase (4.8 — 0.6 IU/ml) was added to 3 mg/ml fibrinogen.
Plasminogen activation was initiated through the addition of 100 nM glu-
plasminogen and 0.6 mM S2251 substrate. Variations of this assay included
keeping the streptokinase a constant concentration (4.8 IU/ml), whilst varying
the fibrinogen concentration (5.8 mg/ml- 0 mg/ml). Additionally, where stated in
results M1 protein or rPAM was included in this assay. Fibrinogen was obtained
from different manufacturers in order to further investigate the effect of
fibrinogen on streptokinase and potential fibrinogen contamination. The
fibrinogen used in the experiments are included in Table 3. All of the fibrinogen

sources were reconstituted in Buffer B (Table 1).

Brand/ Source Depleted/Free from

Calbiochem® Plasminogen depleted
Enzyme Research Laboratories Plasminogen, von Willebrand Factor and Fibronectin depleted
HYPHEN-BioMed Plasminogen free

University of Leeds IF-1 purified (free from contaminants)

Table 3 Fibrinogen sources used in the experiments

4.2.3.1.1 Plasminogen contamination test

Due to some unexpected results, the presence of plasminogen contamination
was investigated in fibrinogen batches. For a quick test, this was performed as

per section 4.2.3.1 with varying concentration of fibrinogen, without the addition
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of plasminogen. The initial rates of reaction of plasmin production were
calculated from the gradient of transformed plots of absorbance (where the

substrate and plasminogen were less than 10% consumed) verses time?.

4.2.4 Fibrin clot overlay assays

Fibrin clot overlay assays were performed as described in section 2.7.2 with
minor adjustments. Fibrin clots were pre-formed in a Corning™ NBS clear 96-
well plate to a total volume of 60 ul at 37°C by combining 3 mg/ml fibrinogen
(plasminogen depleted, Calbiochem®) with 5 mM calcium chloride, 100 nM
plasminogen and 0.5 IU/ml thrombin (01/578). Where stated in the results a
dilution range of rM1 protein (0- 30 ug/ml) was incorporated into the fibrin clots.
The clotting reagents were diluted with Buffer D (Table 1) in order to produce
clear fibrin clots. Clots were formed at 37°C for 60 minutes. A dilution range of
streptokinase (4.8-0.6 1U/ml) was prepared in a separate microtitre plate, by
diluting with Buffer D with the addition of 1 mg/ml HAS. The dilution range was
combined with 0.6 mM S2251 and plasminogen activation was initiated by
transferring 40 pl of the mixture to the surface of the preformed clots. Reactions
were read using a Molecular Devices Thermomax plate reader at two
absorbances (ODa4os and ODeso) for 300 minutes with 30 second intervals at
37°C. The raw data was exported to Microsoft Excel and each well was
subtracted by the initial absorbance value from each time point. The normalised
absorbance at (3x) 650 nm was then subtracted from the absorbance at 405 nm
then uploaded to the R script which calculated the initial rates of reaction of
plasmin generation as per section. The potencies and specific activities were

then calculated as per section 2.8
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4.2.5 Turbidimetric assessment of fibrinolysis by streptokinase

variants

Clotting and lysis of fibrin clots was investigated by measuring the turbidity
changes of fibrin clots as per section 2.7.3. with minor amendments. Briefly,
0.05 1U/ml thrombin (01/578), 5 mM calcium chloride, 3.1 pg/ml rM1 protein and
a dilution range of streptokinase variant (2.4-0.3 IU/ml) was added to a
Corning™ NBS clear 96-well plate. The reaction was initiated through the
addition of a 3 mg/ml fibrinogen (Calbiochem®) and 100 nM glu-plasminogen
solution. Where stated in results, streptokinase was a constant concentration of
0.225 IU/ml and a dilution range of rM1 protein (0- 30 pg/ml) was added. All
fibrin clots were formed at 37°C and to a total volume of 100 pl. Microtitre plates
were immediately read for 5 hours, with 30 second intervals, at 37°C using
Molecular Devices Thermomax plate reader software Softmax Pro, v5.0 or v7.1.
The data was exported to Microsoft Excel and each well was corrected by
subtracting the initial absorbance value from each time point. The data was
uploaded to an R script to analysis clotting and lysis parameters (Longstaff,
2016a). The R script can calculate multiple parameters including time between
50% clotting and 50% lysis and time to 100% lysis. Time between clotting and
lysis was used to calculate potencies of the streptokinase variants using parallel
line bioassay analysis. The specific activities were then calculated by dividing

the potencies of each streptokinase by its protein concentration.

4.2.6 Halo assays

Fibrinolysis of whole blood clots in the presence of streptokinase was
investigated using a whole blood microtitre plate assay, known as a halo assay,
as described in section 2.7.4. Briefly, 5 ul of activation mixture (15% Innovin

w/v, 67 mM calcium chloride and 0.62 pug/ml rM1 protein (or buffer B) was
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added to the bottom edge of a Falcon® 96-well flat bottom microtitre plate. The
activation mixture was then mixed around the bottom edge of the well with the
tip of a p100 micropipette containing 25 pl of citrated whole blood. The whole
blood clots were formed by incubating at 37°C for 30 minutes. A dilution range
(4.8-0.6 IU/ml, with Buffer C) of the streptokinase variants was prepared then
carefully added down the side of each well, to ensure the clots were not
dislodged. Reactions were monitored at ODs10 on a FLUOstar® Omega
microplate reader for 300 minutes with 30 second intervals and 5- second
orbital shaking at 200 rpm. Each experiment contained a negative control (Lysis
mixture without the addition of streptokinase) and a positive control (Blood was
not activated with clotting mixture, instead this was substituted with Buffer B).
The raw data was exported to Microsoft Excel then uploaded to an R script
(Longstaff, 2018b). The R script corrects the data by zeroing each well by its
initial time zero absorbance, then calculates several parameters from the raw
data such as time to 50% lysis, area under the curve and max absorbance. The
max absorbance reflects the time to 100% lysis; therefore, this was used to
calculate streptokinase potencies. Potencies were calculated by parallel line
bioassay analysis using CombiStats™ as per section 2.8. Specific activities
were then calculated by dividing the calculated potencies by each streptokinase

concentration.

4.2.7 Immobilised M protein assays

Cell-surface plasmin generation in the presence of M proteins was stimulated
by binding the M- proteins, via the C-terminal histidine tag, to a Pierce™ nickel-
coated 96-well plate as per section 2.7.5. The maximum binding capacity of the
plates (according to the manufacturer’s instructions) is ~9 pmol His tagged

protein (27 kDa) per well therefore the M protein concentration used for binding
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was calculated to be 10 mM rPAM and 11 mM rM1. M protein (10 mM rPAM
and 11 mM rM1, 100 pl per well) was bound to the plates by incubating at room
temperature with shaking for 1 hour. When M proteins were not included on the
plate, the nickel was saturated with 15 pg/ml His-tagged human albumin,
(ProSci™, Poway, CA, USA.). Excess protein was removed, and each well was
washed three times with Buffer E (Table 1). Where stated in results, following
binding rM1 to the plate, fibrinogen was then bound to the rM1 protein by
incubating for 1 hour followed by washes. Where rPAM was immobilised,
fibrinogen was included directly in assays without washes. The reaction was
initiated through the addition of 0.6 mM S2251, 100 nM glu-plasminogen and a
dilution range of streptokinase (4.8-0.6 1U/ml). Where stated in results, 100 nM
Lys-plasminogen was used instead of Glu-plasminogen. The reactions were
immediately measured at ODaos for 90 minutes at 37°C on a Molecular Devices
Thermomax plate reader. The raw data was exported to a Microsoft Excel
document then uploaded to a R script that calculates the initial rates of reaction
(Longstaff, 2016b). Specific activities were calculated as described in section

2.8.
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4.3 Results

4.3.1 Expression and purification screening of rSK 2b and rPAM

The rSK 2b and rPAM pET-27b (+) expression constructs, generated by
commercial gene synthesis, were reconstituted, and transformed into two
different E. coli expression strains (Rosetta 2 (DE3) and T7 Express LysY)
purchased as chemically competent cells. Transformed cells were streaked
onto LB agar plates (containing appropriate antibiotics) and incubated

overnight.

4.3.1.1 Expression and solubility trials

Following transformation, two colonies from each expression system (Rosetta 2
(DE3) and T7 Express LysY) were picked from the LB agar plates and used to
inoculate 10 ml of antibiotic containing broth. The cultures were grown to mid-
log phase (0.6-0.8, OD600) at 37°C with shaking and for a further 4 hours
following the addition of 0.4 mM IPTG to induce protein expression. Each
expression construct included a culture that was not induced to check for leaky
expression and to allow E. coli proteins to be differentiated from the proteins of
interest. To assess the expression yield and determine the solubility of each
protein, the cells were harvested, frozen, defrosted then lysed by B-PER
bacterial protein extraction reagent. The soluble and insoluble fractions were
then reduced and subjected to SDS PAGE analysis. As shown in Figure 42,
both rPAM and rSK 2b were expressed as insoluble proteins in both expression

systems.

Expression of rSK 2b (Figure 42A) was highest in the Rosetta 2 expression
system, as demonstrated by the thick high-density band at approximately 56

kDa. Due to overexpression of the protein subsequently leading to overloading
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of the lane, the bands are ‘smiley’ and spread further down the gel than
expected. A thinner, less dense band is present in the LysY insoluble fraction
indicating a lower yield. The cell lysate containing the rSK 2b plasmid without

IPTG induction (uninduced lane) did not show any extra band at 56 kDa.

Expression of rPAM (Figure 42B) was also highest in the Rosetta 2 expression
system, as demonstrated by the higher intensity of the band in the insoluble
lysate at ~49 kDa in comparison to the LysY expression system. The cell lysate
containing the rPAM plasmid without IPTG induction (uninduced lane) did not

show any extra band at ~49 kDa.

4.3.1.1.1 Induction at lower temperature

One approach to increase solubility of recombinant proteins expressed in E.
coli, is lowering temperatures to slow down the translation rate. This has been
theorised to provide proteins with increased chance of folding into the correct
structures (Mahmoudi et al., 2012, Singha et al., 2017). Therefore, the
expression and solubility trials were further investigated in cultures induced at a
lower temperature with a longer expression time to optimise the production of
soluble protein. Cultures were grown to mid-log phase (OD600: 0.6-0.8) at 37°C
as before, however following induction by IPTG the cultures were placed into a
shaking, 18°C incubator for protein expression overnight. Protein expression
yield and solubility were then assessed as above with SDS-PAGE analysis. As
shown in Figure 43, the lower expression temperature led to a decrease in
overall rSK 2b (Figure 43A) protein yield. The highest rSK 2b expression was
seen in the insoluble fraction of Rosetta 2 expression system, with a band at
approximately 56 kDa. However, an additional band is also seen in the Rosetta
2 lane, that is not present in the uninduced culture, at approximately 40 kDa

suggesting some degradation of rSK 2b. An increase in soluble protein was
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seen in both the Rosetta 2 and LysY expression systems, however in
comparison to the higher temperature expression (Figure 42), overall protein
yield remains low. The cell lysate containing the rSK 2b plasmid without IPTG

induction (uninduced lane) did not show any extra band at 56 kDa.

rPAM expressed only as an insoluble protein, however in comparison to the
higher temperature expression (Figure 42) the overall protein yield appeared
slightly higher. The cell lysate for rPAM without IPTG induction (uninduced lane)
did show expression of the protein, with a band visible at approximately 49 kDa,
suggesting leaky expression. Tight regulation of the promoter is essential for
protein expression because leaky expression can inhibit cell growth and lead to
plasmid instability which reduces overall yield of the protein (Singha et al.,
2017). Therefore, to minimise the basal level of expression, all further proteins
were induced at 37°C and expressed for 4 hours before being harvested by

centrifugation. The insoluble fraction will be solubilised and purified.

4.3.1.2 Small scale purification

Small scale purification of rSK 2b and rPAM was investigated to identify suitable
conditions for protein solubilisation, column-binding, and cleavage of the fusion
tags. Due to previous success with the Profinity eXact Fusion-Tag system with
rM1 used in the project, the same buffers and conditions were used initially.
Insoluble pellets containing the protein of interest were solubilised in 4 M urea
then successfully diluted to 2 M urea without the formation of insoluble
aggregates. The solubilised fractions were loaded on to Profinity eXact mini
prep columns and placed on a roller mixer for 20 minutes to allow the proteins
to bind to the resin. The flow through was removed and retained for SDS-PAGE
analysis. The column was washed before activating the resin’s highly specific

protease to release the proteins of interest from the Profinity eXact fusion tag,
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which remained tightly bound to the resin, whilst the purified protein is eluted.
The purification steps were analysed by SDS-PAGE analysis. As shown in
Figure 44A, purification of rSK 2b was successful. The resin was slightly
oversaturated, as demonstrated by the un-cleaved protein band at ~56 kDa in
the flow through well (FT). The elution lanes show a band at ~48 kDa in both
elution 1 and 2 lanes of the Rosetta 2 expression systems, indicative of cleaved
native protein. Additionally, the extra band at ~56 kDa in the elution 1 lane of
Rosetta 2 suggests insufficient washing of the resin and binding of the fusion
protein. rSK 2b expressed in LysY E. coli had a very faint band at ~48 kDa in
the elution 1 lane and a much darker band in the flow through suggesting

insufficient binding of the protein to the resin.

rPAM was purified equally well in both expression systems (Figure 44B). The
elution lanes in both the Rosetta 2 and LysY show a single band at ~41 kDa
indicating successful cleavage of the Profinity tag. The flow through (FT) lane
contains the un-cleaved protein, as indicated by the band just above 49 kDa

due to oversaturating of the resin.

Whilst rPAM, purified equally well in both expression systems (Figure 44B), rSK
2b expressed in LysY only displayed a faint band suggesting low binding to the

column and much higher intensity band in Rosetta 2 (Figure 44A). Additionally,

during expression trials, rPAM expressed the highest in Rosetta 2 (Figure 42B).
Therefore, all further proteins were expressed using the Rosetta 2 expression

system.

4.3.2 Large scale purification

Following the small-scale expression trials, the protein expression was scaled

up. Bacteria was recovered from the glycerol stocks by inoculating 10 ml of LB

189



(with appropriate antibiotic, see Table 2) with a sterile inoculating loop
containing a scrape of the frozen stock. This was grown to saturation (overnight
at 37°C, shaking at 250 rpm). Pre-warmed LB (500 ml with appropriate
antibiotic) in 2 L shake flasks was inoculated with 10 ml of overnight culture.
Recombinant protein expression was induced by the addition of IPTG to a final
concentration of 0.4 mM and incubated for a further 4 hours shaking at 250 rpm.
The cultures were harvested by centrifugation at 4355 g for 20 minutes at 4°C.
The large-scale purification (Section 2.4) was performed using affinity
chromatography on a FPLC system. rM1, rPAM, and rSK 2b were expressed
with N-terminal Profinity eXact Fusion tags and purified as per section 2.4.1.1.
Whilst rSK 2a was expressed with an N-terminal SUMOstar tag and purified as
per section 2.4.1.2. The Profinity eXact fusion proteins were cleaved on the
column by activating the protease ligand on the resin; the SUMOstar fusion tag
associated with rSK 2a required an addition cleavage step following elution to
remove the tag. All of the protein sources are listed in Table 2. Typical protein
yields of 1- 4 mg of recombinant protein per L of culture were produced, except

for rSK 2a, which expressed at 175- 420 ug per L of culture.

Purity and relative molecular weights of the fusion and cleaved proteins were
assessed by SDS-PAGE analysis (Figure 45). Several batches of each protein
were made and pooled together and estimates of protein concentration were

determined by BCA analysis relative to an albumin standard.
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Figure 42 Representative SDS-PAGE analysis of rSK 2b and rPAM expression trials. rSK 2b (A.) and rPAM (B.) DNA
constructs were transformed into two E. coli expression systems, Rosetta 2 and LysY. Following expression trials at 37°C for 4
hours, the whole lysate fragment (lanes 2, 5 and 8) and separated, soluble (lanes 3, 6 and 9) and insoluble pellet (lanes 4,7 and 10)
was reduced and subjected to SDS-PAGE analysis to quantify the level of protein expression. An uninduced E. coli culture was

included to check for leaky expression and to differentiate between E. coli proteins and protein of interest (lanes 2,3 and 4). The
molecular marker used SeeBlue™ Plus2 Pre-stained Protein Standard.
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Figure 43 Representative SDS-PAGE analysis of rSK 2b and rPAM expression trials with lower induction temperatures
SK2b (A.) and PAM (B.) DNA constructs were transformed into two E. coli expression systems, Rosetta 2 and LysY. Following
expression trials at 18°C, overnight, the whole lysate fragment (lanes 2, 5 and 8) and separated, soluble (lanes 3, 6 and 9) and
insoluble pellet (lanes 4,7 and 10) was reduced and subjected to SDS-PAGE analysis to quantify the level of protein expression. An
uninduced E. coli culture was included to check for leaky expression and to differentiate between E. coli proteins and protein of
interest (lanes 2,3 and 4). The molecular marker used SeeBlue™ Plus2 Pre-stained Protein Standard.
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Figure 44 Representative SDS PAGE analysis of small-scale purification trials of Streptokinase 2b (SK 2b) and rPAM. Small scale purification
trials of SK 2b (A.) and PAM (B.) in two expression systems were performed using Profinity exact mini prep columns. The ‘whole’ lane is before
purification and flow through is the unbound fraction, contaminating fraction. Elute 1 and Elute 2 are following washes with sodium fluoride, which

activates the resins highly specific protease and elutes the native protein from the column. The molecular marker used SeeBlue™ Plus2 Pre-stained
Protein Standard.
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Figure 45 SDS-PAGE analysis of Large-scale purification and tag cleavage. A. B. and E. indicate large scale purification of
rM1 protein (~54 kDa), rPAM (~41 kDa), and rSK 2b (~48 kDa), respectively. The tag lanes show the presence of un-cleaved
protein and the Profinity eXact tag (~8 kDa) after elution from the column C. Large scale purification of rSK 2a where the protein
was eluted from the column with the SUMOstar tag still present (~62 kDa) D. SDS-PAGE analysis of rSK 2a (47 kDa) following tag
cleavage step by incubation with SUMOstar protease. All SDS-PAGE gels include a Mid flowthrough (Mid FT) and End flowthrough
(End FT) lane which is samples taken from the waste during loading of each protein to the affinity columns.
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4.3.3 Investigating the impact of fibrin(ogen) on streptokinase

variants activtity

4.3.3.1 Solution plasminogen activation

The activity of streptokinase variants rSK 2a and rSK 2b was first investigated in
a chromogenic solution assay, without additional proteins or cofactors. The
current EP method was used for this purpose, which was developed for
assigning potencies to therapeutic streptokinase products. A dilution range of
each streptokinase variant (4.8-0.6 1U/ml, based on initial estimates calculated
for each batch of protein) was combined with 100 mM glu-plasminogen and 0.6
mM S2251. Plasmin generation was immediately monitored kinetically at 405
nm using S-2251 substrate, which is cleaved by plasmin to release a
chromophoric group. Potencies were calculated relative to the WHO 3 IS
Streptokinase (00/464) using parallel line bioassay analysis, as described in
section 2.8. Specific activities were then calculated based on the protein
concentrations for each streptokinase preparation. rSK H46a specific activity
was previously assigned in IU relative to the WHO 3" international standard for
streptokinase (00/464) (WHO 3™ IS Streptokinase (00/464)) by Dr. Sian Huish
(Huish et al., 2017) and used as a comparison in these experiments. As shown
in Figure 46, rSK 2a has a specific activity approximately 3.8-fold lower activity
than rSK H46a (12.27 £ 1.79 |U/ug verses 47.22 + 1.59 |U/ug, respectively).
The calculated rSK 2a specific activity is consistent with the previously
published data (Huish et al., 2017). The rSK 2b variant displayed very little
plasminogen activation activity alone in solution, with a calculated specific
activity of 0.838 + 0.31 IU/ug. This is approximately 56.34-fold lower in activity

to rSK H46a and 14.6-fold lower activity to rSK 2a.
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4.3.3.2 Fibrin(ogen)

The solution plasminogen assay was modified to incorporate 3 mg/ml fibrinogen
(plasminogen free) to investigate the relative impact of fibrinogen on rSK 2a and
rSK 2b activity. Fibrin clot overlay assays were also used to investigate
plasminogen activation rates in the presence of fibrin. Whilst the initial rates of
reactions were determined using S2251, as with the solution assays, in this
assay system the reaction was measured on the surface of a preformed clot.
The data was presented as specific activities (1U/pg) with 95% confidence
intervals. The significance of the data was tested using a One-way ANOVA with
Tukey post-hoc test. As shown in Figure 47B, rSK 2a demonstrates a
significant 2.83-fold increase in activity in the presence of fibrinogen, in
comparison to the control (34.74 + 6.82 IU/ug verses 12.27 + 1.79 1U/ug,
respectively, p= <0.0001). Furthermore, a significant 4.88-fold increase in
streptokinase activity was observed in the presence of fibrin in comparison to
the control (59.82 + 10.86 IU/ug verses 12.27 + 1.79 IU/ug, respectively, p=
<0.0001) and a 1.72-fold increase in comparison to the addition of fibrinogen
(59.82 £ 10.86 1U/ug verses 34.74 + 6.82 IU/ug, respectively, p= <0.0001). rSK
2b demonstrated a similar trend (Figure 47C) with a 8.64-fold increase in
plasminogen activation activity in the presence of fibrinogen, in comparison to
the control (7.24 + 2.88 |U/ug verses 0.838 + 0.306 1U/ug, respectively). In the
presence of fibrin, a significant 71.97-fold increase was observed in comparison
to the control (60.31 + 14.65 1U/ug verses 0.838 + 0.306 1U/ug, respectively, p=
<0.0001). Additionally, there is a significant 8.3-fold increase in comparison to
fibrinogen (60.31 £ 14.65 IU/ug verses 7.24 + 2.89 |U/ug, p=<0.0001). The
presence of fibrin appeared to have no measurable effect on rSK H46a (Figure

47A) in comparison to the solution (49.08 + 2.49 |U/ug verses 47.22 £ 1.49
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IU/ug, respectively.). In the presence of fibrinogen however the specific activity
was calculated to be 130.30 (x 17.75) 1U/ug, which is approximately 2.76-fold
higher than the specific activity of rSK H46a calculated in solution (p= <0.0001).
It has been previously reported that Group C streptokinase is not stimulated by
fibrinogen (Huish et al., 2017), therefore the plasminogen activation assays

were amended to investigate this further.

To investigate the impact of fibrinogen on streptokinase activity further, the
solution plasminogen activation assays were repeated with a fixed
concentration of streptokinase (4 IU/ml) over a concentration range of
fibrinogen. Different fibrinogen lot. numbers of the same commercial fibrinogen
and different fibrinogen products with varying levels of purity, were included in
these assays to validate the previous potency results. As shown in Figure 48A
and B, the native and recombinant Group C streptokinase (rSK H46a and WHO
3" |S streptokinase (00/464)) are both maximally stimulated at lower levels of
fibrinogen. This is demonstrated with an 8-fold maximum increase in
plasminogen activation (Figure 48A) at 0.75 mg/ml plasminogen depleted
fibrinogen in comparison to the absence of fibrinogen (118.62 Abs/s2 x 1e9 and
14.68 Abs/s2 x 1e9, respectively). Additionally, a 5-fold increase in plasminogen
activation activity was observed at 0.21 mg/ml fibronectin (Fn), vVWF and
plasminogen depleted fibrinogen (Figure 48B) in comparison to the absence of
fibrinogen (59.94 Abs/s2 x 1e9 and 11.56 Abs/s2 x 1e9, respectively). Following
the maximum stimulation, both Group C streptokinase (Figure 48A and B)
display a dose dependant decrease in activity as fibrinogen concentration
increases. rSK 2a was also maximally stimulated with 0.75 mg/ml plasminogen
depleted fibrinogen (Figure 48A), with a 4-fold increase in activity in comparison
to the control (35.09 Abs/s2 x 1e9 and 8.19 Abs/s2 x 1e9, respectively).
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Following the maximum stimulation of rSK 2a at 0.75 mg/ml, there was no

significant differences in activity with increasing concentrations of fibrinogen.

Plasminogen contamination in the fibrinogen was checked as an explanation for
the unexpected stimulation of Group C streptokinase. As shown in Figure 48C
and D, both fibrinogen products contain high levels of plasminogen
contamination. The plasminogen depleted fibrinogen (Figure 48C) contained the
highest level of plasminogen activation, with a maximum activation rate of 28.48
Abs/s2 x 1e9 observed in Lot 1 and 37.95 Abs/s2 x 1e9 in Lot 2. A dilution
range of plasminogen was included in the plasminogen depleted fibrinogen
assays, a standard curve was plotted, and initial rates were interpolated. There
was found to be approximately 70 nM per 1 mg/ml fibrinogen of contaminating
plasminogen in lot number 1 and 75 nM per 1 mg/ml fibrinogen of plasminogen
in lot number 2. The plasminogen, von Willebrand factor and fibronectin
depleted fibrinogen demonstrated lower plasminogen activation with maximum
rates of 6.9 Abs/s2 x 1e9. No further experiments were conducted to quantify

the plasminogen contamination concentration in this commercial fibrinogen.

Fibrinogen purified using a specific antibody, IF-1, to remove the plasminogen
contamination was kindly gifted from the University of Leeds. The assay was
then repeated as above to investigate the effect of highly purified fibrinogen on
WHO 3 IS streptokinase (00/464) activity. As shown in Figure 48E, even in the
absence of contaminating plasminogen, a dose dependent increase in WHO 3
IS streptokinase (00/464) activity is observed. At the highest concentration
tested (2.8 mg/ml fibrinogen), streptokinase WHO 3' IS streptokinase (00/464)
had increased by almost 17-fold in comparison to the absence of fibrinogen

(898.42 Abs/s?x1e9 and 52.85 Abs/s?x1e9, respectively). It is important to note,
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due to volume limitations the data is based on 1 independent assay with 2

repeats.

4.3.3.2.1 Fibrinogen, plasminogen free

A commercial fibrinogen product was obtained from HYPHEN BioMed
(Fibrinogen, plasminogen free) found to be free of contaminating plasminogen,
and the assays above were repeated with all the streptokinase variants. As
shown in Figure 49A, for the Group C Streptokinase (WHO 3" |S streptokinase
(00/464)) a dose dependant increase in activity was observed with increasing
concentrations of fibrinogen, peaking between 0.7-1.8 mg/ml fibrinogen. The
maximum increase observed at 0.7 mg/ml fibrinogen was 6.35-fold higher than
without the addition of fibrinogen (284.08 Abs/s2 x 1e9 and 44.75 Abs/s2 x 1e9,
respectively). Above 1.8 mg/ml a steady decrease in activity is observed and at
the maximum concentration tested, the activity had decreased by 2.27-fold in
comparison to the maximum stimulation (125.16 Abs/s2 x 1e9 at 5.4 mg/ml).
This trend was also reproduced in Figure 49B, which shows the WHO 3 |S
streptokinase steadily increases in activity with increasing fibrinogen
concentrations, peaking at 1.35 mg/ml fibrinogen, which represents a 6.18-fold
increase over the activity with no fibrinogen. Above 1.35 mg/ml fibrinogen
activity slowly decreases with increasing fibrinogen concentrations. The highest
fibrinogen concentration tested (5.4 mg/ml) represents a 2.95-fold increase in
activity versus the no-fibrinogen control. rSK 2a displayed a similar trend with a
dose dependent increase in activity as fibrinogen concentrations increase. rSK
2a peaks at a slightly higher concentration of 2.7 mg/ml fibrinogen, which
represents a 3.83-fold increase in activity in comparison to the control, which
decreases to 3.37-fold at 5.4 mg/ml fibrinogen. rSK 2b increases in activity as

the fibrinogen concentration increases without peaking within the concentration
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range tested. At the maximum concentration of 5.40 mg/ml fibrinogen the
streptokinase activity was 19.47-fold higher than without the addition of
fibrinogen. It is important to note that without the addition of fibrinogen, rSK 2b

has very little activity in solution alone (Figure 35).

When Glu-plasminogen was substituted with the more readily activatable Lys-
plasminogen, Group C streptokinase (WHO 3 IS streptokinase (00/464) and
rSK H46a) activation of showed the same profile (Figure 49C). Maximum
stimulation of Group C streptokinase activity was observed at 0.675 mg/ml|
fibrinogen (an increase of 5.92-fold for the international standard and 5.38-fold
for rSK H46a) in comparison to the control. Similarly, rSK 2a peaked at 0.675
mg/ml with a 4.47-fold increase in comparison to the control. Above 0.675
mg/ml fibrinogen a rapid decrease in activity was observed with increasing
concentrations of fibrinogen, and at the highest concentration of fibrinogen
tested (5.40 mg/ml) each streptokinase activity was lower than without the

addition of fibrinogen (~0.7-fold).

The experiment was repeated to assess rSK 2b activity against lys-
plasminogen, substituting rSK H46a for rSK 2b due to limited space in the
microtiter plate. As shown by Figure 49D activation of lys- plasminogen by rSK
2b in the presence of fibrinogen resulted in a similar profile to rSK 2b activation
of glu-plasminogen (Figure 49B). A dose dependent increase in rSK 2b activity
was observed as fibrinogen concentration increases, and with the highest
fibrinogen concentration tested (5.4 mg/ml) a 105.01-fold increase in activity

was observed.

In the same experiment the WHO 3™ |S streptokinase (00/464) and rSK 2a
produced a different activity profile compared to the previous result (Figure

49C). For the WHO 3 IS streptokinase (00/464), maximum stimulation of
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activity by fibrinogen was observed at 1.35 mg/ml, with a 9.85-fold increase. At
the highest fibrinogen concentration (5.40 mg/ml) stimulation of activity was

reduced to a 7.99-fold increase, whereas previously activity was comparable to
the no-fibrinogen control. For rSK 2a activity only increased with the fibrinogen

concentration up to a maximum 7.5-fold at 5.40 mg/ml fibrinogen.

A possible explanation for the difference observed with the WHO IS and rSK 2a
Is the source of fibrinogen used. Stocks of the commercial plasminogen-free
fibrinogen used previously (Figure 49C) were exhausted and so a new batch
(with a different Lot number) was purchased and used in the subsequent
experiments (Figure 49D). This new fibrinogen Lot was found to contain low
levels of contaminating plasminogen which may explain the difference in

observed trends.
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Streptokinase Specific activity (IU/ pug) 95% CI

variant
rSK H46a 47.216 [45.73,48.71] 14
rSK 2a 12.271 [10.48,14.07] 16
rSK 2b 0.838 [0.53,1.14] 17
B.
60-

Specific activity (1U/ug)

I I ﬁ_
rSKH46a rSK 2a rSK 2b

Streptokinase variant

Figure 46 Specific activities of streptokinase variants without addition of co-factors
(control). Glu-plasminogen activation activity of streptokinase variants, streptokinase H46a
(rSK H46a), streptokinase 2a (rSK 2a) and streptokinase 2b (rSK 2b) was investigated using
chromogenic solution assay against S2251, a substrate for specific to plasmin. Potencies were
calculated using parallel line bioassay analysis and presented as specific activities, using the
concentration of each individual streptokinase as per section 2.8. Error bars represent 95% CI.
N=2=14
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Figure 47 Streptokinase variants in the presence of fibrin(ogen) Glu-plasminogen activation activity of streptokinase variants was investigated using
chromogenic solution assay in the presence of purified fibrinogen (HYPHEN BioMed, plasminogen free) and on the surface of a preformed clot (clot
overlay). A control (streptokinase alone) was included for comparison purposes for each streptokinase variant and is also represented by the dotted line.
Potencies were calculated and presented as specific activities of each variant. Error bars represent 95% CI. (ns = no significance, * p < 0.05, ** p < 0.01,
*** p < 0.001, *** p <0.0001, One-way ANOVA with Tukey post-hoc test.). N==6
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Figure 48 Streptokinase activation in the presence of increasing concentrations of fibrinogen. Glu-plasminogen activity of streptokinase
was investigated using chromogenic solution assay in the presence with increasing concentrations of fibrinogen with different purity levels (A.
Calbiochem: plasminogen depleted (n=4) B. HYPHEN BioMed: Fn, VWF and plasminogen depleted (n=4) E. University of Leeds: Fibrinogen
purified by IF-1 affinity chromatography (n=2) (C.) The experiments were also performed without the presence of glu-plasminogen to test the
extent of plasminogen contamination with increasing concentrations of Calbiochem: plasminogen depleted fibrinogen (n=2) and (D.) HYPHEN,
BioMed: Fn, VWF and plasminogen depleted fibrinogen (n=4)
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Figure 49 Glu- plasminogen activity of streptokinase variants with increasing concentrations of fibrinogen (HYPHEN BioMed,
plasminogen free) Activity of streptokinase variants in the presence of increasing concentrations of fibrinogen (HYPHEN BioMed, plasminogen
free) incorporating glu-plasminogen (A. and B.) or lys-plasminogen (C. and D.). Experiments conducted in A., B., and C. are all performed using
the same batch number of commercial fibrinogen, whilst (D.) was performed using a new batch number and found to contain small amount of
contaminating plasminogen. Error bars represent SEM. N=2=3
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4.3.4 Investigating the impact of M1 protein on streptokinase activity

4.3.4.1 Plasminogen activation in the presence of M1 bound fibrinogen

To investigate the effect of rM1 protein on streptokinase activity, the solution
assays with and without fibrinogen were adapted to include 3.1 pg/ml rM1
protein. A dilution range of each streptokinase variant (4.8-0.6 1U/ml) was
combined with100 mM glu-plasminogen and 0.6 mM S2251. Half of the 96-well
plate contained 3.1 pug/ml rM1 protein. Where stated, 3 mg/ml plasminogen-free
fibrinogen was included in the assay. Plasmin generation was then immediately
monitored kinetically at 405 nm using S-2251 substrate, which is cleaved by
plasmin to release a chromophoric group. Specific activities were then
calculated for each streptokinase variant, relative to the WHO 3™ |S

Streptokinase (00/464), for each condition tested and compared to the control,
streptokinase alone. The data was presented as specific activities (1U/ug), with

95% confidence intervals. The validity of the data was assessed using an
ordinary one-way ANOVA, with a Tukey post-hoc test (99% confidence
interval). As shown in Figure 50A, addition of rM1 protein alone, i.e., no
fibrinogen, appeared to have very little effect on rSK H46a activity, increasing
only 1.19-fold compared to the control (55.97 + 4.43 |U/ug and 47.22 IU/ug +
1.49 1U/ug, respectively). Similarly, rSK 2a (Figure 50B) demonstrated a 1.44-
fold increase in activity in the presence of rM1 (17.63 £ 2.02 and 12.27 + 1.79,
respectively), and rSK 2b (Figure 50C) was stimulated 2.63-fold in the presence

of rM1 protein alone (2.20 + 0.55 and 0.84 + 0.31, respectively).

As described in section 4.3.3.2 (Figure 47), in the presence of fibrinogen a

significant increase in plasminogen activation activity in all streptokinase
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variants was observed, with a 2.8-fold increase for rSK H46a and rSK 2a and

an 8.6-fold increase for rSK 2b.

Because rM1 protein binds fibrinogen, it was of interest to include both proteins
in the assay system. It was found that addition of 3.1 pg/ml rM1 and 3 mg/ml
fibrinogen, did not stimulate rSK 2a and rSK 2b any further than with the
addition of fibrinogen alone. rSK 2a demonstrated a 2.80-fold increase in
activity in comparison to the control (34.37 + 7.43 lU/ug and 12.27 + 1.794
IU/ug, respectively, p= <0.0001) and rSK 2b activity increased by 7-fold in
comparison to the control (5.89 + 1.60 IU/ug and 0.838 + 0.31 1U/ug,
respectively, p= <0.0001). However, addition of fibrinogen-bound- rM1 protein
to rSK H46a further stimulated the plasminogen activator, with a significant
increase in activity in comparison to the control and fibrinogen alone. The
addition of fibrinogen bound rM1 protein to rSK H46a showed a 7.0-fold
increase in plasminogen activation activity in comparison to the control (330.6 +
93.45 |U/ug and 47.22 + 1.49 IU/ug, respectively, p= <0.0001) and a 2.54-fold
increase in activity in comparison to fibrinogen alone (330.68 + 93.45 1U/ug and

130.30 + 17.75 1U/ug, respectively, p<0.0001).

4.3.4.2 Turbidimetric assessment of fibrin clot lysis by streptokinase

variants
4.3.4.2.1 Purified fibrin clots
The impact of rM1 on fibrin clot physical dissolution was investigated using
turbidimetric assays. Fibrin clots were formed by combining 3 mg/ml fibrinogen,
a dilution range of rM1 protein (0.47-30 pg/ml) and a dilution range of
streptokinase variants (2.4-0.3 IU/ml) in a microtitre plate. The reaction was
initiated with 0.05 IU/ml thrombin (01/578) and 8.2 pg/ml glu-plasminogen. Clot

formation and lysis were immediately monitored kinetically by measuring
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absorbance changes at 405 nm for up to 5 hours. The time between 50%
clotting and 50% lysis-and time to 100% lysis-were calculated and potency
estimates obtained relative to the WHO 3 IS streptokinase (00/464) using a
parallel line bioassay analysis. The data is presented in Figure 51 as fold-
change relative to 0 pg/ml rM1 condition. As shown in Figure 51A, each
streptokinase variant demonstrated a dose-dependent increase in time between
50% clotting and 50% lysis with increasing concentrations of rM1 protein. At the
maximum rM1 protein concentration tested (30 pg/ml) the Group C
streptokinase (WHO 3" |S streptokinase (00/464)) was approximately 1.61-fold
slower (p=<0.0001) between 50% clotting and 50% lysis, whilst rSK 2a and rSK
2b rates were 1.94-fold (p= <0.0001) and 2.03-fold slower (p= <0.0001),
respectively. However, no trends were observed with the time to reach 100%

lysis (Figure 51B).

4.3.4.2.2 Whole blood clots

Physical dissolution of clots in the presence of M1-bound-fibrin was also
investigated in whole blood conditions using a microtitre plate assay, known as
a halo assay. Whole blood clots (5%) with 0.155 ug/ml rM1 protein (equivalent
to 3.1 pg/ml accounting for the whole blood dilution factor) were formed around
the edges of a well in a microtitre plate by the addition of an 15% v/v Innovin
and 67 mM calcium chloride solution. Once clotting was complete, a lysis
solution consisting of a dilution range of streptokinase (2.4- 0.3 1U/ml) was
added to the centre of each well. Lysis of the blood clot was monitored at 510
nm for up to 5 hours immediately following the addition of the lysis solution.
Time to 100% lysis values were used to calculate potency estimates for each
streptokinase variant relative to the WHO 3 IS streptokinase (00/464) using a

parallel line bioassay analysis. Specific activities were calculated in IU/ ug
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based on potency estimates and streptokinase protein concentrations. The data
was presented as specific activities, with 95% confidence intervals. The
significance of the data was tested using an unpaired two-tailed t test (99%
confidence limit, definition of statistical significance: p < 0.1). As shown in
Figure 52 each variant is stimulated, although the differences were not
significant by 3.1 pg/ml rM1 (Figure 52 A), a 2.51-fold increase in activity was
observed (133.69 £ 75.23 IU/ug and 53.19 £+ 11.90 IU/ug, respectively, p=
0.015). Whilst, rSK 2a (Figure 52B) demonstrated a 1.55-fold increase in activity
in the presence of rM1 protein (214.68 + 52.81 pug/ml verses 138.60 + 20.30
pg/ml control, p= 0.0073) and rSK 2b (Figure 52C) activity increased by 1.38-

fold (567.18 + 186.41 IU/ug and 412.23 + 91.94 |U/ug, respectively, p = 0.11)).

To further investigate the impact of rM1 on whole blood clot lysis, the halo
assays were repeated over a range of rM1 protein concentrations (0.48-30
ug/ml). Lysis was initiated with the addition of 0.6 1U/ml streptokinase to the
preformed whole blood clot. The data was presented as time to 100% lysis, with
the standard error of the mean, and validity of the data was assessed using an
ordinary one-way ANOVA, with a Dunnett’s post-hoc test (99% confidence
interval). As shown in Figure 53, at rM1 concentrations above 1.88 pg/ml a
significant decrease in time to 100% lysis was observed with all streptokinase
variants. For rSK H46a with 1.88 pg/ml rM1 (Figure 53A) there was a significant
1.57-fold decrease in time to 100% lysis (2538.75 + 329.71 seconds and
3990.00 + 227.56 seconds, respectively, p=0.013) which reduced further with
increasing rM1 concentrations up to a maximum of a 3.17-fold decrease at 15
Hg/ml compared to the control (1260.00 = 93.50 seconds and 3990.00 + 227.55
seconds, respectively, p<0.0001). For rSK 2a with 1.88 pug/ml rM1 protein
(Figure 53B) a 1.93-fold decrease in time to 100% lysis time was observed in

209



comparison to the control (1533.00 + 205.84 seconds and 2955.00 + 385.73
seconds, respectively, p=0.0038) which reduced further as the rM1 protein
concentration increased, up to a maximum of a 2.64-fold decrease at 7.5 pg/ml
rM1 protein (1117.50 = 113.83 seconds and 2955.00 + 385.73 seconds,
respectively, p<0.0001). rSK 2b followed a similar trend (Figure 53C) but with
consistently faster clot lysis times compared to rSK H46A and rSK 2a. The
lowest concentration of rM1 protein to show a significant decrease in time to
100% lysis (1.63- fold) for rSK 2b was 3.75 pug/ml in comparison to the control
(932.50 £ 112.76 seconds and 1521.00 + 144.09 seconds, respectively,
p=0.0032.). The maximum decrease in time to 100% lysis was observed at 7.5
pg/ml rM1 protein, with a 1.95-fold decrease in comparison to the control

(780.00 £ 37.48 seconds and 1521.00 + 144.09, respectively, p=0.0001).
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Figure 50 Streptokinase variants in the presence of fibrinogen and rM1 Glu-plasminogen
activation activity of rSK H46a (A.), rSK 2a (B.) and rSK 2b (C.) was investigated using
chromogenic solution assay in the presence of fibrinogen and M1. A control was included for
comparison purposes for each streptokinase variant, streptokinase alone, and is also represented
by the dotted line. Data was presented as specific activities (IU/ug) of each variant. Error bars
represent 95% CI. (ns = no significance, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001,
One-way ANOVA with Tukey post-hoc test.). N==3
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Figure 51 Turbidimetric analysis of fibrin clots by streptokinase variants, in the presence of rM1 protein Time between 50% clotting and 50%
lysis (A.) and time to 100% lysis was calculated from fibrinolysis profiles as per (Figure 18) in purified samples in the presence of increasing
concentrations of rM1 protein for each streptokinase variant (WHO 3" |S streptokinase (00/464), SK 2a and SK 2b) and presented as fold change.
Error bars represent 95% CI. (* p < 0.05, ** p < 0.01, *** p < 0.001, *** p < 0.0001, One-way ANOVA with Dunnett post-hoc test, relative to 0 pg/ml
M1.) N=10
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Figure 52 Specific activity of streptokinase variants in the presence of rM1 protein in a
whole blood microtitre plate assay. Dissolution of whole blood clots incorporating 0.155 pg/ml
rM1 protein was observed kinetically using a halo assay. A ‘halo’ ring of whole blood with and
without M1 was clotted with TF on the edge of a well. A dilution range of rSK H46a (A.), rSK 2a
(B.) or rSK 2b (C.) was added to the centre of the well and clot dissolution was measured
kinetically (ODs10) in @a BMG FluorStar® Omega plate reader. Time to 100% lysis was used to
calculate potencies by parallel line bioassay analysis and data was presented as specific activity.
Error bars represent 95% CI. (Statistically significant at P < 0.01, unpaired two-tailed t test). N=24
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Figure 53 Effect of rM1 on fibrin clot dissolution by streptokinase variants Dissolution of
whole blood clots with increasing concentrations of rM1 protein was observed kinetically using
a halo assay. A ‘halo’ ring of whole blood with increasing concentrations of M1 was clotted with
TF on the edge of a well. SK H46a (A.), SK 2a (B.) or SK 2b (C.) was added to the centre of
the well and clot dissolution was measured kinetically (ODs10) in a plate reader. Data is
presented as time to 100% lysis (s), Error bars represent SEM (* p < 0.05, * p < 0.01, **p <
0.001, **** p < 0.0001, One-way ANOVA with Dunnett post-hoc test.) N= =8
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4.3.4.3 Investigating the impact of M1 protein on plasminogen activation

by streptokinase variants

To determine if changes to rates of plasminogen activation contribute to the
apparent increase in susceptibility to lysis, plasminogen activation was
measured directly using clot overlay assays. Fibrin clots were formed with 3
mg/ml purified fibrinogen, incorporating rM1 protein (3.1 pg/ml) and
plasminogen (8.2 pg/ml), by the addition of 0.5 IU/ml thrombin. A dilution range
of the streptokinase variants (4.8-0.6 1U/ml) and S2251 (0.6 mM), a substrate
for specific plasmin and streptokinase-activated plasminogen, was added to the
surface of the pre-formed fibrin clots. Plasmin generation was measured
kinetically at 405 nm, and specific activities were derived from potency
estimates calculated as described in section 2.8. The data was presented as
specific activity, with 95% confidence intervals. The statistical significance of the
data was tested using a One-way ANOVA with Tukey post-hoc test. rSK H46a
(Figure 54A) showed no significant differences between the control group
(47.22 £ 1.49 1U/ug), in presence of fibrin alone (49.08 + 2.49 1U/pug) or fibrin
bound rM1 protein (54.37 £ 26.89 IU/ug). In the presence of fibrin, rSK 2a
(Figure 54B) showed a significant 5.4-fold increase in activity in comparison to
the control (66.10 £ 10.78 IU/ug and 12.27 + 1.79 IU/ug, respectively, p<
0.0001). However, fibrin-bound rM1 protein did not stimulate the activity further
in comparison to fibrinogen alone (64.16 + 8.22 IU/ug and 66.10 £ 10.78 IU/ug,
respectively). rSK 2b (Figure 54C) displayed a similar trend to rSK 2a, reaching
similar activity levels, with a 67.8-fold increase in activity upon the addition of
fibrin in comparison to the control (56.80 £ 12.57 |U/ug and 0.838 1U/ug + 0.31,

respectively, p< 0.0001). Additionally, there was no further stimulation with the
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addition of fibrin-bound rM1 protein in comparison to fibrin alone (47.90 + 33.29

IU/ug and 56.80 + 12.57).

As M1 is a cell surface-bound protein, cleaved during infection, it is difficult to
pinpoint a physiologically relevant concentration. Therefore, the assays were
then repeated with a fixed concentration of streptokinase (4.8 IU/ml) over a
dilution range of rM1 protein (1.88- 30 pg/ml) to ensure that the streptokinase
variants are not stimulated by higher or lower rM1 protein concentrations. As
shown in Figure 55, no particular trend was observed for any streptokinase
variant activity over the range of rM1 protein concentrations used. The assays
were repeated using the host plasminogen activators uPA and tPA as described
in section 3.3.5.1, which also showed no significant differences over the range
of rM1 protein concentrations (Figure 31). A non-significant 0.88-fold decrease
in activity was observed with uPA in comparison to the control, whilst tPA did

not show any measurable differences.

4.3.4.3.1 Temperature dependent plasminogen activation with rM1 bound fibrin

During infection Group A Streptococcus encounters different environments
within the human host. The properties of virulence factors such as the M
proteins may change according to the different environmental conditions
encountered, such as temperature differences. To investigate if fibrin clot
formation in different temperatures, with and without the presence of rM1,
impacted streptokinase activity modified fibrin clot overlay assays were
performed at two different temperatures. Additionally, the fibrin clot overlay
assays were clotted with and without incorporating calcium chloride (Ca2+).
Fibrin clots (£ 3.1 pg/ml rM1) were formed and assayed at 37°C, as previously
described, or at the lower temperature of 25°C. rSK 2a was the only variant to

be included in these experiments due to M1 being commonly associated with
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this streptokinase. The data was presented as specific activities (IU/ug), with
95% confidence intervals. The statistical significance of the data was tested
using a mixed-effects model, with a Tukey’s multiple comparison post-hoc test
Fibrin clots (Ca2+) in the presence of M1 protein, formed and read at 25°C,
demonstrated a 1.39-fold increase in streptokinase activity in comparison to
fibrin clots (Ca2+) alone (156.93 + 51.42 |U/ug and 113.21 + 29.5 [U/ug,
respectively, p= 0.0002). Additionally, fibrin clots without the addition of calcium,
but with the addition of M1 also showed a 1.46-fold increase in activity in
comparison to fibrin without the addition of calcium or M1 (91.91 £ 23.31 1U/ug
and 62.98 + 8.51 1U/ug, p= 0.020). As expected (Figure 56), fibrin clots formed
and read at 37°C displayed no significant differences in plasminogen activation
activity of rSK 2a in any condition. The specific activity of rSK 2a at 37°C
remained at a similar level to the ‘25°C fibrin alone’ condition (formed without
calcium chloride) in all tested conditions (62.98 = 8.51 IU/ug and 64.21 + 7.80,

respectively)
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Figure 54 Streptokinase variants in the presence of fibrin and rM1 Glu-
plasminogen activity of streptokinase variants, rSK H46a (A.), rSK 2a (B.), and rSK
2b (C.) was investigated in the presence of 3.1 yg/ml M1 on the surface of a
preformed clot. The specific activity was calculated relative to WHO 3™ IS
streptokinase (00/464) using parallel line bioassay. Dotted line represents
streptokinase alone. Error bar represents 95% CI. (ns = no significance, * p < 0.05,
**p <0.01, ** p <0.001, *** p <0.0001, One-way ANOVA with Tukey post-hoc
test.) N==8
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Figure 55 Plasminogen activation activity of streptokinase variants with
increasing concentration of rM1 protein Glu-plasminogen activity of streptokinase
variants, WHO 3" |S streptokinase (00/464) (IS SK), rSK 2a (SK 2a) and rSK 2b (SK
2b) was investigated in the presence of increasing concentrations of rM1 (1.88-30
pg/ml) on the surface of a preformed clot using the chromogenic solution assay
against S2251. The specific activity was calculated relative to WHO 3" International
Standard streptokinase (00/464) using parallel line bioassay analysis, then
presented as fold change. The dotted line indicates streptokinase variants without
the presence of rM1. Error bars represent SEM. (No significant differences were
shown between M1 concentrations using a One-way ANOVA with a Dunnett post-
hoc test) N==3
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Figure 56 Plasminogen activation activity of rSK 2a in the presence of fibrin with and without
rM1 protein, formed at 25°C or 37°C Glu-plasminogen activity of streptokinase 2a was investigated
in the presence of 3.1 yg/ml M1 on the surface of a preformed clot. Fibrin clots were formed at 25°C
and measured kinetically at 25°C or formed at 37°C and measured kinetically at 37°C The specific
activity was calculated relative to WHO 3" IS streptokinase (00/464) using parallel line bioassay.
Error bar represents 95% CI. (ns= no significance, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p <
0.0001, Mixed-effects model, with a Tukey’s multiple comparison post-hoc test) N==3
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4.3.5 Assessing the impact of rPAM on streptokinase activity

To investigate the effect of the plasminogen binding M protein (rPAM) on
streptokinase activity, the chromogenic solution assay was adapted to include
+/-3.1 pg/ml rPAM and +/- 3 mg/ml fibrinogen (HYPHEN BioMed, plasminogen
free). A dilution range of each streptokinase variant (4.8- 0.6 1U/ml) was
combined with 100 mM glu-plasminogen and 0.6 mM S2251. Plasmin
generation was then immediately monitored kinetically at 405 nm. Specific
activities were calculated in 1U/ ug based on potency estimates and
streptokinase protein concentrations. The data was presented as specific
activity (IU/ug), with 95% confidence intervals. The statistical significance of the
data was tested using a One-way ANOVA with Tukey post-hoc test. As shown
in Figure 57A, rSK H46a activity is stimulated 3.06-fold in the presence of rPAM
alone (144.362 + 73.22 1U/ug and 47.21 + 2.17 1U/ug, respectively). Similarly,
rSK 2a activity (Figure 57B) is stimulated 2.99-fold in the presence of rPAM
alone in comparison to the control (43.02 + 32.51 1U/ug and 14.37 + 1.98 1U/ug,
respectively, p= 0.0049). The largest increase observed in the presence of
rPAM alone was with rSK 2b (Figure 57C) with a 12.95-fold increase in activity
in comparison to the control (9.56 + 5.55 1U/ug and 0.739 + 0.369 1U/ug,
respectively). However, despite the higher fold increase of rSK 2b activity with
rPAM, compared to the other streptokinase variants the specific activity or rSK
2b remains much lower. Consistent with section 4.3.3.2, in the presence of 3
mg/ml fibrinogen rSK H46a (Figure 57A) activity increases by 4.20-fold in
comparison to the control (198.26 + 95.59 1U/ug and 47.21 + 2.17 1U/ug,
respectively, p=0.01). rSK 2a (Figure 57B) was stimulated 2.42-fold in the
presence of fibrinogen in comparison to the control (34.74 + 6.82 1U/ug and
14.37 £ 1.98 IU/ug, respectively, p=0.005) and rSK 2b (Figure 57C) was
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stimulated 10.90-fold in activity (8.05 + 5.48 IU/ug and 0.74 +0.37 1U/ug,
respectively). Addition of both 3 mg/ml fibrinogen and 3.1 pg/ml rPAM did not
significantly increase rSK H46a activity further than with fibrinogen or rPAM
alone. In comparison to the control condition (without rPAM or fibrinogen) a
significant 3.83-fold increase in activity was observed in the presence of
fibrinogen and rPAM together (47.21 £ 2.17 1U/ug and 180.71 + 114.39 IU/ug,
respectively, p=0.025). Addition of fibrinogen and rPAM to rSK 2a further
stimulated the plasminogen activation activity compared to fibrinogen (3.65- fold
increase) and rPAM (2.94-fold increase) alone. In comparison to the control, an
overall 8.81-fold increase in activity was observed in the presence of fibrinogen
and rPAM (14.37 £ 1.98 IU/ug and 126.67 + 54.54 |U/ug, respectively, p=
<0.0001). Similarly, rSK 2b was further stimulated in the presence of fibrinogen
and rPAM in comparison to fibrinogen (4-fold increase) and rPAM (3.59-fold
increase) alone. In comparison to the control, addition of fibrinogen and rPAM
resulted in a 46.54-fold increase in rSK 2b activity (0.74 = 0.37 1U/ug and 34.37

+ 13.05 IU/ug, respectively, p= <0.0001).

To investigate the effect of rPAM on the activation of plasminogen by the
streptokinase variants further, the solution assays were adapted to include a
dilution range of rPAM (0.92- 295.80 pg/ml) and a fixed concentration of
streptokinase (4.8 1U/ml). Additionally, the experiment was adapted to include
both the closed conformation glu-plasminogen and the more readily activatable
lys-plasminogen conformation. The data was presented as mean fold-change
(standard error of mean error bars) relative to O pg/ml rPAM against a log rPAM
concentration range. As shown in Figure 58A with the addition of glu-
plasminogen, rSK H46a and rSK 2a continue to increase in a dose-dependent

manner as the rPAM concentration increases. At the maximum concentration of
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rPAM (295.8 pg/ml), rSK H46a had increased by 5.72-fold (x 0.06), whilst rSK
2a had increased by 8.17-fold (x 0.29) relative to the 0 pg/ml rPAM. A different
trend was observed for rSK 2b, which was stimulated to a maximum of 5.70-fold
(£ 0.31) at 9.2 pg/ml rPAM in comparison to 0 pg/ml. Above 9.2 pg/ml rPAM,
rSK 2b activity declined with increasing rPAM concentrations up to the
maximum rPAM concentration used (295.80 pug/ml), where the activity was

3.73-fold (= 0.19) higher than 0 pg/ml.

When glu-plasminogen was substituted with lys-plasminogen (Figure 58B), both
rSK H46a and rSK 2a displayed a dramatically different trend with increasing
concentrations of rPAM. rSK 2a initially increased in lys-plasminogen activation
activity, up to a maximum of 1.68-fold (= 0.09) at 9.2 ug/ml, in comparison to the
control. Above this concentration rSK 2a activity slowly declines, and at the
maximum concentration of rPAM (295.8 pg/ml), the activity had almost returned
to baseline levels (1.09-fold = 0.03). rSK H46a however declines in activity with
the increasing rPAM concentrations, at 9.2 pg/ml the activity had reached 0.48-
fold (x 0.04) in comparison to the control. At the highest concentration of rPAM
tested (295.80 pug/ml), rSK H46a remained at a much lower activity level (0.58-
fold) than conditions without rPAM. rSK 2b showed a similar trend to the glu-
plasminogen condition, peaking at a slightly lower rPAM concentration of 4.6
pg/ml (4.61- fold = 0.36) but still remaining relatively high at 9.2 pg/ml rPAM
(4.58- fold £0.35) in comparison to the control. Following these concentrations,
a decline in plasminogen activation activity was observed and at the highest
concentration of rPAM tested (295.80 pg/ml) the activity of rSK 2b had declined

below baseline levels (0.81-fold + 0.03).
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Figure 57 Effect of rPAM and fibrinogen on streptokinase variant activity Glu-plasminogen
activation activity of streptokinase variants was investigated using chromogenic solution assay in
the presence of 3.1 pg/ml rPAM and 3.0 mg/ml fibrinogen. A control was included for comparison
purposes for each streptokinase variant, streptokinase alone, and is also represented by the
dotted line. Data was presented as specific activities (IU/pg) of each variant. Error bars represent
95% CI. (ns = no significance, * p < 0.05, ** p < 0.01, ** p < 0.001, **** p < 0.0001, One-way
ANOVA with Tukey post-hoc test.) N==3
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Figure 58 Stimulation of rSK 2b by rPAM is consistent with a template model. Initial activation rates of streptokinase variants,
rSK H46a, rSK 2a and rSK 2b, against glu-plasminogen (closed conformation) (A.) or lys-plasminogen (open conformation) (B.).
Activation rates were determined over a range of rPAM concentrations (0.92 — 295.8 ug/ml) and results are presented as fold-
change (relative to 0 ug/ml rPAM) against logio rPAM concentrations. Error bars represent SEM. N= =5
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4.3.6 Measuring the impact of Immobilised M proteins on

streptokinase plasminogen activation activity

Downregulation of the bacterial protease SpeB, results in a decrease in M
protein being cleaved from the cell surface. It was therefore of interest to see if
the orientation of the M protein, e.g., cell surface bound M proteins, would
influence the streptokinase variants activity. To investigate the effect of the
immobilised M protein on streptokinase activity, the chromogenic solution assay
was adapted to include +/-immobilised M and +/- 3 mg/ml fibrinogen (HYPHEN
BioMed, plasminogen free). M proteins were expressed with a C-terminal
histidine tag which was used to immobilise the proteins to the surface of a nickel
NTA- microtitre plate. Where included, the fibrinogen was bound to the
immobilised rM1 followed by additional washes. No additional washes were
performed with immobilised rPAM. A dilution range of streptokinase (4.8-0.6
[U/ml), 100 nM glu- plasminogen and 0.6 mM S2251 were added to initiate the
reaction. Plasmin generation was then immediately monitored kinetically at 405
nm. Specific activities were calculated in IU/ ug based on potency estimates
and streptokinase protein concentrations, and data was presented as specific
activities with 95% CI error bars. The statistical significance of the data was
tested using a One-Way ANOVA with a Tukey post-hoc test. Where stated in
the results, glu-plasminogen was replaced with lys-plasminogen in the assays.
In the absence of M proteins in a well, the Ni-NTA was saturated with Histidine

tagged human albumin to minimise non-specific interactions of other proteins.

4.3.6.1 Immobilised rM1

As shown in Figure 59, addition of immobilised rM1 protein alone did not
stimulate any of the streptokinase variants. Consistent with section 4.3.3.2,

addition of fibrinogen alone stimulated all the streptokinase variants. rSK H46a
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(Figure 59A) was stimulated 3.29-fold by fibrinogen in comparison to the control
(153.36 + 29.80 1U/ug and 46.62 £+ 1.88 1U/ug, respectively, p= 0.0022). rSK 2a
(Figure 59B) activity increased by 3.85-fold (46.51 + 23.28 IU/ug and 12.09 +
2.46 1U/ug, respectively, p= <0.0001) and rSK 2b (Figure 59C) increased by
12.59-fold in comparison to the control (11.15 £ 3.93 |U/ug and 0.885 = 0.30
IU/ug, respectively, p= <0.0001). Addition of fibrinogen-bound-M1 did not
stimulate the streptokinase variants any further and displayed no significant

differences to the fibrinogen alone condition.

4.3.6.2 Immobilised rPAM

rPAM in solution has previously been shown to stimulate the streptokinase
variants, therefore a soluble rPAM condition was included in the assay systems
by blocking the binding sites of the Ni-NTA by histidine -tagged albumin. This
was to ensure any differences observed were due to the orientation or
immobilisation of the rPAM rather than due to different experimental conditions.
Consistent with section 4.3.5, all of the streptokinase variants were stimulated
by the presence of soluble rPAM. rSK H46a (Figure 60A) demonstrated a 2.86-
fold increase in activity in the presence of soluble rPAM in comparison to the
control (134.60 + 81.64 1U/ug and 47.09 £ 1.41 1U/ug, respectively). The
presence of immobilised rPAM stimulated the rSK H46a by a further 2.52-fold in
comparison to the soluble rPAM condition (339.35 + 116.94 IU/ug and 134.60 +
81.637, respectively, p= 0.05). In comparison to the control, rSK H46a activity
increased by an overall 7.21-fold increase in the presence of immobilised PAM
(p=<0.0001. However, when the glu-plasminogen in these conditions were
replaced by lys-plasminogen, the observed increase in activity was lost with a
2.76-fold decrease in activity in comparison to the control (17.06 = 9.08 IU/ug

and 47.09 + 1.41 1U/ug, respectively).
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rSK 2a (Figure 60B) displayed a large increase in activity in the presence of
soluble rPAM in these assay systems, with a 19.59-fold increase in activity in
comparison to the control (212.76 + 68.12 1U/ug and 12.86 + 1.86 1U/ug,
respectively, p= 0.0056). When rPAM was immobilised to the Ni-NTA plates,
rSK 2a was stimulated a further 1.55-fold than with the soluble rPAM condition
(329.70 £ 107.97 IU/ug and 212.76 + 68.12 IU/ug, respectively) representing a
30.35-fold increase in comparison to the control (p= <0.0001). Similar to rSK
H46a, upon substitution of the glu-plasminogen for lys-plasminogen in the
immobilised rPAM experiments, rSK 2a displayed no significant differences in
comparison to the control (11.28 + 7.03 IU/ug and 10.86 + 1.86 1U/ug,

respectively).

rSK 2b (Figure 60C) in the presence of soluble rPAM was stimulated by a
significant 117.73-fold in comparison to the control (124.21 + 72.364 1U/ug and
1.06 £ 0.46 1U/ug, respectively, p=0.014). However, rSK 2b was maximally
stimulated by the immobilised rPAM with a 237.65-fold increase in activity in
comparison to the control (250.72 + 56.23 1U/ug and 1.06 + 0.46 1U/ug,
respectively, p= <0.0001) and a further 2.02-fold in comparison to soluble rPAM
(p=0.0094). When lys-plasminogen was used in the immobilised rPAM assays
instead of glu-plasminogen, a large proportion of the observed stimulation was
lost, with a 31.00-fold decrease in activity (8.09 + 9.19 1U/ug and 250.72 + 56.23
IU/ug, respectively, (p= 0.0001). However, in comparison to the control, even in
the presence of immobilised rPAM with lys-plasminogen a 7.67-fold increase in

activity was observed.

4.3.6.3 Immobilised rPAM and fibrinogen

Previous literature has proposed that rSK 2b requires a tri-molecular complex,

consisting of cell surface bound PAM, plasminogen, and fibrinogen, in order to
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reach full activity (Glinton et al., 2017, Chandrahas et al., 2015, McArthur et al.,
2008). To investigate this hypothesis further, the immobilised chromogenic
assay systems were adapted to include 3 mg/ml fibrinogen. To ensure that
fibrinogen did not interact with the Ni-NTA when rPAM was not included,

Histidine-tagged albumin was first bound to the plates to saturate the surface.

As shown in Figure 61, the addition of fibrinogen to immobilised rPAM
decreased the activity of each streptokinase variant in comparison to
immobilised rPAM alone. rSK H46a (Figure 61A) demonstrated a 3.30-fold
decrease in activity in the presence of immobilised rPAM and fibrinogen in
comparison to immobilised rPAM alone (102.86 + 43.86 IU/ug and 339.35 +
116.94 IU/ug, respectively, p= 0.0014). However, the presence of immobilised
rPAM and fibrinogen still stimulated rSK H46a activity 2.18-fold more than the

control condition (streptokinase without the additional cofactors/proteins).

Similarly, rSK 2a (Figure 61B) decreased in activity by approximately 1.90-fold
in the presence of fibrinogen and immobilised rPAM in comparison to
immobilised rPAM alone (173.84 + 45.85 1U/ug and 329.70 + 107.97,
respectively). However, this was still a 16-fold higher plasminogen activation

activity relative to the control condition.

rSK 2b (Figure 61C) also decreased in activity with the addition of fibrinogen
and immobilised rPAM in comparison to immobilised rPAM alone with
significant 7.38-fold decrease observed (33.97 + 10.44 |U/ug and 250.72 +
56.23 IU/ug, respectively, p= <0.0001). In comparison to the control condition,
the addition of fibrinogen and immobilised rPAM was a significant 32.20-fold

increase in activity due to the lack of rSK 2b activity in solution alone.
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Figure 59 Effect of immobilised rM1 on streptokinase variants M1 protein was
immobilised to the 96-well plate via the co-expressed c-terminal 6 x Histidine tag. SK
H46a (A.), SK 2a (B.), SK 2b (C.) potencies were calculated relative to the WHO IS SK
(00/464) (using a parallel line bioassay) in the presence of immobilised M1, soluble
fibrinogen and immobilised M1 with fibrinogen. A control (SK alone) was included for each
SK variant and is indicated by a dotted line. Data was presented as specific activities.
Error bars represent 95% CI. (ns = no significance, * p < 0.05, * p < 0.01, ** p < 0.001,
***+% n < 0.0001, One-way ANOVA with Tukey post-hoc test.) N==3.
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plasminogen PAM protein was immobilised to the 96-well plate via the co-expressed C-terminal 6
x Histidine tag. rSK H46a (A.), rSK 2a (B.), rSK 2b (C.) potencies were calculated relative to the
WHO 3" |S Streptokinase (00/464) (using a parallel line bioassay) in the presence of immobilised
PAM, soluble PAM and immobilised PAM with Lys-plasminogen (instead of glu-plasminogen). A

control (streptokinase alone) was included for each SK variant and is indicated by a dotted line.

Data was presented as specific activities. Error bars represent 95% CI. (ns = no significance, * p <
0.05, ** p < 0.01, ** p < 0.001, **** p < 0.0001, One-way ANOVA with Tukey post-hoc test.) N==3.
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Figure 61 Effect of fibrinogen and immobilised rPAM on streptokinase variants PAM was
immobilised to the 96-well plate via the co-expressed C-terminal 6 x Histidine tag. rSK H46a (A.),
rSK 2a (B.), rSK 2b (C.) potencies were calculated relative to the WHO 3 IS Streptokinase
(00/464) (using a parallel line bioassay) in the presence of immobilised PAM, soluble fibrinogen
and immobilised PAM with fibrinogen. A control (SK alone) was included for each SK variant and
is indicated by a dotted line. Data was presented as specific activities. Error bars represent 95%
Cl. (ns = no significance, * p < 0.05, ** p < 0.01, ** p < 0.001, *** p < 0.0001, One-way ANOVA

with Tukey post-hoc test.) N=24.
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4.4 Discussion

A key pathogenic mechanism of invasive bacteria is their ability to express a
range of surface- bound and secreted virulence factors. Group A, C and G
Streptococci secrete a plasminogen activator known as streptokinase which
generates plasmin, a serine protease that is capable of degrading fibrin clots,
tissue barriers and complement factors (Tewodros et al., 1996, Castellino and
Ploplis, 2005, Ploplis and Castellino, 2019). This has been recognised as a
critical step in aiding bacterial invasion and evasion of the hosts innate immune
response, with streptokinase deficient mutant strains of GAS displaying
attenuated virulence in humanised murine models of skin infection (Khil et al.,
2003, Sun et al., 2004, Sanderson-Smith et al., 2006). GAS have been divided
into three distinct clusters based on phylogenetic analysis of the f-domain of
the corresponding streptokinase sequences (Figure 6) 1,2a and 2b) (McArthur
et al., 2008, Kalia and Bessen, 2004). Phylogenetic studies have also indicated
that the streptokinase clusters are associated with tissue specific emm patterns
of the bacterium (McArthur et al., 2008). Cluster 2a expressing strains of GAS
are nasopharyngeal-specific and are commonly associated with the fibrinogen
binding M1 protein, encoded by the emm 1 gene. The streptokinase 2a has low
plasminogen activity in solution however has previously been found to be
stimulated by fibrinogen and maximally by fibrin (Huish et al., 2017). The
streptokinase 2b is secreted from skin-tropic isolates which express the cell
bound plasminogen-binding M proteins, such as PAM (Kalia and Bessen, 2004,
Hynes and Sloan, 2016). Streptokinase 2b has very low activity towards
plasminogen in solution but this is increased in the presence of plasminogen
bound PAM (Zhang et al., 2012). Cluster 1 streptokinase are thought to require
no additional co-factors for full plasminogen activity, much like the well
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characterised streptokinase from the H46a strain of the Group C Streptococcus

equisimilis (McArthur et al., 2008).

The streptokinase mechanism of plasminogen activation is mainly understood
based upon the therapeutic Group C streptokinase, H46a. Therefore, a
recombinantly produced Group C H46a was used in this project, as a
comparison with the Cluster 2 streptokinase variants. The streptokinase H46a
was previously calibrated to have the same potency and specific activity as the
WHO 3 International standard streptokinase (00/464) and used in previous
literature (Huish et al., 2017). The streptokinase variants potencies were
calculated using parallel line bioassay analysis relative to the WHO 3
International standard streptokinase (00/464), which is a native streptokinase

protein.

Streptokinase is highly conserved, which was confirmed by multiple sequence
alignments (Figure 62) showing 81.7% sequence identity between the three
streptokinase variants used in this study (with the sequence identity increasing
when comparing two variants; SK 2a SF370 and SK 2b NS88.2: 88.7%, SK 2a
SF370 and SK H46a: 88.4%, SK 2b and SK H46a: 85.1%). The first 59 residues
of the streptokinase a-domain are thought to be important for plasminogen
activation (Boxrud et al., 2001, Cook et al., 2012), with the N-terminal llel
residue found to be critical due to the formation of a salt bridge with the Asp740
of plasminogen which induces a conformational change (Wang et al., 1999,
Wang et al., 2000) (Figure 62). Although all of the streptokinase variants contain
the N-terminal llel, the Cluster 2 streptokinase variants contain 11 amino acid
differences in the 1-59 region, in comparison to the streptokinase H46a (Figure
62). These sequence differences might prevent the correct conformation for the

streptokinase N-terminal within the streptokinase-plasminogen complex,
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causing the reduced plasminogen activation activities observed with the Cluster
2 variants. Despite these differences in amino acid sequences, the
streptokinase variants have been shown to maintain similar secondary
structures (Kapur et al., 1995, Cook et al., 2012). However, the relationship
between the streptokinase sequence variations, and the M-protein association

is not fully understood at the molecular level.

SKZa 1 SDRPEENNSQLVVSMAGIVEGTDKEVFINFFEIDLT SQPAHGGKTEQGLSPKS
SKZb IR T AGYEWLLDRPSVNNSQLVVSMAGIVEGTDKKVFINFFEIDLT SQPAHGGKTEQGLSPKS
H46a: IR T AJEEWLLDRPSVNNSQLVVSMAG € JFFETIDLTSIPAHGGKTEQGLSPKS
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Figure 62 Multiple sequence alignment of streptokinase variants used in this study.).
Multiple sequence alignment of SK H46a (H46a, Accession number: K02986.1), SK 2a (SF370,
Accession number: AAK34665.1) and SK 2b (NS88.2, Accession number: JX898186) was
performed in Vector NTI (InforMax, Bethesda, MD, USA). The SK variants share 81.7%
sequence identity (99.3% consensus positions). The line indicates the streptokinase domains, red
= a- domain, blue = - domain and green = y- domain.
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4.4.1 Specific activities of SK variants

The specific activity of rSK 2a was previously calculated to be 12.4 IU/ug by Dr.
Sian Huish using solution plasminogen activation assays to calculate potency
estimates against the WHO 3 S streptokinase (00/464) (Huish et al., 2017).
The new batch of rSK 2a produced in this project was consistent with this
finding, with a calculated specific activity of 12.27 [U/ug. Potency estimates for
rSK 2b in IU have not previously been published, therefore the solution
plasminogen activation assay was used to investigate this. The rSK 2b
displayed very little activity in solution, with a specific activity of 0.84 IU/ug. This
IS consistent with previous reports involving culture supernatants, where
chromogenic solution assays revealed that SK 2b cannot effectively activate
plasminogen in solution (Cook et al., 2012, McArthur et al., 2008). Additionally,
SPR analysis revealed SK 2b has an ~30-fold lower affinity for glu-plasminogen
in solution suggesting that SK 2b fails to interact with glu-plasminogen and
cannot induce an active site in glu-plasminogen (Cook et al., 2014, Cook et al.,
2012). The streptokinase llel residue must be positioned within the
plasminogen active site so that it can form a salt bridge with (plasminogen)
Asp740 in order to form an active site (Wang et al., 1999). The Group C
streptokinase, rSK H46a demonstrated significantly higher activity relative to the

Cluster 2 SK variants without the presence of co-factors or ligands (Figure 46).

4.4.2 Streptokinase variants in the presence of fibrin(ogen)

Fibrinogen is thought to play an important role in GAS pathogenesis, with many
GAS expressing fibrinogen binding M proteins, e.g. M1, on the cell surface that
is proposed to provide a template for plasminogen acquisition for SK 2a
activation. Additionally, other strains of invasive GAS express plasminogen

binding M proteins, e.g. PAM, on the cell-surface that is proposed to require a
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trimolecular complex with PAM, plasminogen and fibrinogen for maximal
activation by SK 2b (McArthur et al., 2008). It has previously been
demonstrated that fibrinogen provides a template for assembly of rSK 2a-
plasminogen complex (Huish et al., 2017). Whilst SK 2b has previously been
shown to be stimulated in the presence of fibrinogen (McArthur et al., 2008,
Cook et al., 2014), experimental evidence that fibrinogen provides a template
for rSK 2b is limited due to previous studies using a single concentration of
fibrinogen. Chromogenic plasminogen activation assays with increasing
concentrations of fibrinogen (HYPHEN BioMed, plasminogen free), used
previously to investigate rSK 2a activity, were repeated with rSK 2b. As shown
in (Figure 49B and D), the rSK 2b does not show evidence of a bell-shaped
profile suggesting that the stimulation is not due to the formation of a template
mechanism. The optimum fibrinogen concentration range for rSK 2a stimulation
was 3-5 mg/ml (Huish et al., 2017), it is plausible that the rSK 2b activity could
begin to decrease with fibrinogen concentrations above 5.4 mg/ml, however,
due to the limited availability of plasminogen-free fibrinogen and low
concentration of the bulk fibrinogen, these experiments could not be performed.
The presence of 3 mg/ml fibrinogen (HYPHEN BioMed, plasminogen free) only
increased the specific activity of rSK 2b to ~7.24 |U/ug, a lower activity than rSK
2a plasminogen activity without the presence of co-factors, demonstrating that
fibrinogen is a weak stimulator of rSK 2b. The Group C streptokinase activity
was also stimulated in the presence of fibrinogen, demonstrating a bell-shaped
plot of fold change in activity verses fibrinogen concentration, appearing to
follow a template mechanism (Figure 48A, Figure 48C, Figure 49A, Figure 49B
and Figure 49C). The observation conflicts with previously published data and

the accepted notion that Group C streptokinase is not significantly stimulated by
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external factors (Section 1.4.3), although the results for rSK 2a were consistent
with the findings of Huish et al., (Huish et al., 2017). Stimulation of rSK 2a
activity by fibrinogen was reproduced using different batch numbers of the same
commercial fibrinogen and with different fibrinogen products of varying purity.
Some commercial fibrinogen products and lot numbers were found to contain
contaminating plasminogen (Figure 48C & Figure 48D) which could indicate that
stimulation of activity was due to the presence of additional zymogen. However,
when plasminogen activation assays were repeated with fibrinogen purified
using affinity chromatography with an IF-1 antibody to remove contamination
(Figure 48E), a dose-dependent increase in Group C streptokinase activity was
observed. At the highest concentration tested, 2.8 mg/ml, the Group C
streptokinase activity had increased by almost 17-fold in comparison to the
absence of fibrinogen. Whilst this data appears to conflict with previous
literature (Huish et al., 2017), the Group C streptokinase has been observed to
be enhanced by full length fibrinogen and fibrinogen D domains previously
(Chibber et al., 1985, Cook et al., 2014). Additionally, the activation profile was
reproduced with both the native (WHO 3 IS streptokinase (00/464)) and
recombinant (rSK H46a) Group C streptokinase, further supporting the
conclusion reached that fibrinogen stimulates SK H46a activity (Figure 48A &
Figure 49C ). Experiments have shown that plasmin cleaves soluble fibrinogen,
exposing cryptic sites within the protein and enabling the fibrinogen D-domain to
bind with plasminogen (Varadi and Patthy, 1983). The structure of plasminogen
conformation is thought to be altered to a more activatable form upon binding or
interaction with ligands, which has been shown to enhance the activation rate
by streptokinase (Cook et al., 2014). Therefore, the stimulation levels by

fibrinogen is likely to reflect the streptokinase variants individual ability to
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activate plasminogen free in solution to generate the initial plasmin. For
example, rSK 2b cannot effectively generate an active site in solution (77, 92)
as evident by the specific activity, 0.84 IU/ug (Figure 46). The small amount of
plasmin that is generated by rSK 2b can cleave the fibrinogen providing a
binding site for addition plasminogen molecules, relaxing the conformation to a
more readily activatable zymogen; thus stimulating rSK 2b activity 8.6-fold (7.24

IU/ug/ml) in the presence of 3 mg/ml fibrinogen.

Previous investigations have found that fibrin is a potent stimulator of rSK 2a
activity, displaying a ~14-fold higher activity than rSK H46a in the presence of
fibrin (Huish et al., 2017). In the current work, it was also demonstrated that
fibrin is a potent stimulator of rSK 2a activity. However, the stimulation was not
to the same extent, with specific activities calculated to be ~59.82 1U/ug (Figure
47B), which is similar levels to the published specific activity of rSK H46a in
solution, 58.2 1U/ug (Huish et al., 2017) . The difference between observed
stimulation between these experiments and previous literature could be due to
experimental differences. For example, the local conditions that the present
during fibrin polymerisation strongly influences the final clot structure, in the
present study, the fibrin clots were activated in the presence of CaClz which has
previously been shown to decrease clotting time, increase clot fibre density and
decrease fibrin fibre diameter (Carr et al., 1986, Hardy et al., 1983, Ryan et al.,
1999). Additionally, the clots were kept at 37°C and monitored at 37°C,
therefore any deviations from this could alter the fibrin structure and thus affect
the observed results, such as those in previous study (Huish et al., 2017). For
example, Figure 56 demonstrates this effect, where purified fibrin clots formed
at 25°C and monitored at 25 °C enhanced plasminogen activation of rSK 2a by

~9.23-fold (113.21 1U/uQ), relative to activity in solution. Additionally, different
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methods were used in this study for calculating the activity of rSK 2a activity.
The previous study used turbidimetric analysis of clotting and lysis curves,
where streptokinase is incorporated into the forming clot (Huish et al., 2017). In
the present study, the activity was measured upon addition of streptokinase and
a chromogenic substrate to the surface of a preformed clot. The use of a fibrin-
bound plasminogen activation assay may provide more insight into the clot
resistance, as it looks specifically at streptokinase activity at the preformed clot
surface imitating in vivo infection and the way the bacteria may breakthrough

the defence.

Fibrin also proved to be a potent stimulator of rSK 2b demonstrated by a 72-fold
increase in activity in comparison to solution levels. In the presence of fibrin,
rSK 2b plasminogen activation activity is enhanced to similar levels to the
Group C streptokinase (Figure 47C). Suggesting that SK 2a and SK 2b would
preferentially activate plasminogen in an environment where fibrin is present
rather that in solution. Consistent with previous studies that describe Group C
streptokinase as fibrin-independent; rSK H46a was not stimulated by fibrin

(Figure 47A) (Huish et al., 2017).

4.4.3 Streptokinase variants in the presence of associated M-like

proteins

4.4.3.1 Solution rM1

M1 protein can be released from the GAS cell surface through cleavage by
SpeB (Berge and Bjorck, 1995b) or neutrophil proteases (Herwald et al., 2004),
resulting in functionally active fragments at the site of infection. The M1 protein
can bind fibrinogen with a high affinity to form a supramolecular complex
(Macheboeuf et al., 2011, Glinton et al., 2017). The M1-fibrinogen complex has

been shown to be capable of activating neutrophils and platelets (Section
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1.4.2.1), suggesting that the fibrinogen bound to M1 may have different
structural properties to cell-bound M1. However, the significance of M1-bound
fibrinogen free in solution for plasminogen activation by associated Cluster 2a

SK is not fully understood.

4.4.3.1.1 rM1 and fibrinogen

Chromogenic solution plasminogen assays were modified to incorporate rM1
protein then the activity of the rSK H46a, rSK 2a and rSK 2b was calculated
using a parallel line bioassay model relative to the WHO 3™ |S streptokinase
(00/464). Purified fibrinogen (HYPHEN BioMed, plasminogen free) was added
to the assays to investigate if the streptokinase required the formation of a
trimolecular complex in solution for maximal activity. In agreement with previous
literature (Zhang et al., 2012, Glinton et al., 2017), minimal stimulation of the
streptokinase variants was observed in the presence of rM1 alone (Figure 54).
However, in contrast to previous findings (Glinton et al., 2017), rSK 2a was not
stimulated any further by the presence of rM1 bound fibrinogen, than in the

presence of fibrinogen alone (Figure 54B).

Glinton et al. performed chromogenic solution plasminogen activation assays
which demonstrated that in the presence of fibrinogen, SK 2a- mediated
activation of plasminogen was increased by ~2-fold in comparison to alone, and
a further 7-9-fold in the presence of rM1 bound fibrinogen. The conflicting
results in comparison to those observed in this project is most likely to be due to
experimental conditions. Glinton et al. used a much lower concentration of
fibrinogen in these experiments (200 nM = ~0.084 mg/ml). Whereas in the
experiments performed in this PhD project, 3 mg/ml fibrinogen was used to
better represent physiological concentrations in blood (Section 1.1.3).

Fibrinogen is thought to provide a template for rSK 2a by forming a ternary
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complex with plasminogen, with optimum stimulation occurring around
physiological concentrations of fibrinogen (3 — 5 mg/ml) (Huish et al., 2017).
This suggests a relationship might exist between M1 protein and fibrinogen,
whereby low concentrations of fibrinogen binding M1 protein stimulate rSK 2a
by forming a trimolecular complex, however at optimum concentrations of
fibrinogen the presence of M1 does not affect the activity. To confirm this, the
experiments would need to be repeated with the same conditions (e.g. buffers)
with varying concentrations of rM1 and fibrinogen for any indications of
stimulation at different concentrations. rSK 2b demonstrated a similar trend to
rSK 2a; no further plasminogen activation activity was observed in the presence
of rM1 bound fibrinogen, than with fibrinogen alone (Figure 54C). This is
consistent with previous studies which demonstrated that when PAM was
replaced with M1, there was no significant activation by rSK 2b (Zhang et al.,
2012). Unexpectedly, although not physiologically relevant to Streptococcus
infection due to Group C streptokinase not associated with M1 protein
(McArthur et al., 2008), rSK H46a was further stimulated by rM1 bound
fibrinogen. Plasminogen binding sites have been previously been located in the
D-domain of fibrinogen (Varadi and Patthy, 1983) and X-ray crystallography has
demonstrated that the M1 protein dimer binds 4 fibrinogen D- domains in a
cross-like pattern (Section 1.4.2.1). The rSK H46a has previously been shown
to optimally activate plasminogen in solution (McArthur et al., 2008), resulting in
plasmin generation. M1 bound fibrinogen may result in colocalisation of
plasminogen, resulting in enhanced conversion of glu-plasminogen to the more
readily activatable conformation, lys-plasminogen, by plasmin (Lahteenmaki et
al., 2001) which is more rapidly converted into the proteolytic enzyme

(Castellino and Violand, 1979) by rSK H46a.
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4.4.3.1.2 rM1 and fibrin

Chapter 3 described the impact of rM1 protein on fibrin clot formation,
properties and fibrinolytic potential by the WHO 3 IS streptokinase and host
plasminogen activators, uPA and tPA. The resultant clots displayed significantly
different properties in the presence of rM1. Higher concentrations of rM1 formed
heterogenous clots with increased porosity, decreased clot strength, decreased
cross-linking by FXllla and a decrease in the protective fibrin film (Chapter 3).
Previous studies have indicated that fragile clots are more susceptible to
fibrinolysis (Chapin and Hajjar, 2015), therefore it was hypothesised that the
fibrin bound M1 clots would lyse at a faster rate. Whilst, the WHO 3" |S
streptokinase (00/464) used in these experiments displayed no significant
differences in time to 100% lysis in purified conditions using ROTEM and
turbidimetric analysis. Addition of WHO 3 IS streptokinase (00/464) to blood
clots made with whole blood, with increasing concentrations of rM1
demonstrated faster clot dissolution times in ROTEM and halo microtitre plate
assays (section 3.4.4). It is important to note that Group C streptokinase are not
associated with the M1 protein therefore this does not represent physiological
conditions (McArthur et al., 2008). Therefore, the turbidimetric assays were
repeated incorporating rSK 2a, rSK H46a and rSK 2b then time between 50%
clotting and 50% lysis and time to 100% lysis was derived from the curves.
Whilst the time between 50% clotting and 50% lysis indicated slower rates for
all of the streptokinase variants with increasing rM1 (Figure 51A), the time to
reach 100% lysis showed no significant differences, except for at 30 ug/ml rM1
which showed a slower lysis time (Figure 51B). Care must be taken when
interpreting these results which may be explained by the fibrin clots displaying

higher resistance to lysis, or due to the change in the turbidimetric profiles
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caused by optical differences in the fibrin rather than being a true reflection of
the rate of lysis. The effect of rM1 bound fibrin was investigated further in whole
blood using a halo assay. The blood clots incorporating rM1 are clotted around
the bottom of the well with TF, and upon addition of the streptokinase containing
lysis buffer, clot dissolution is monitored using a BMG FluorStar® Omega plate
reader. The use of whole blood in these experiments makes the results more
physiologically relevant. Additionally, the assay looks specifically at
streptokinase activity at the preformed clot surface imitating in vivo infection and
the way the bacteria may breakthrough the defences. Consistent with the WHO
3'9|S streptokinase (00/464) data (section 3.4.4), increasing the rM1 protein
concentrations leads to faster fibrin dissolution in all streptokinase variant
conditions (Figure 53). However, as shown in Figure 54 and Figure 55 when the
plasminogen activation rate was measured on the surface of a preformed clot
using a chromogenic substrate, the concentration of rM1 bound fibrin does not
affect the rate of plasmin generation in rSK H46a, rSK 2a or rSK 2b. Therefore,
suggesting that the differences in dissolution rates are due to structural changes
described in Chapter 3, rather than the generation of more plasmin by
plasminogen activators. These results suggest that the activity of rSK 2a is

independent of M1 protein that is cleaved from the cell surface.

It is important to note that the plasminogen activation kinetics of rSK 2a in the
presence of rM1 was temperature dependent (Figure 56). When the clots were
formed at lower temperatures and monitored kinetically at lower temperatures
(25°C), a stimulation in rSK 2a activity was observed. The M1 protein has
previously been shown to have a lower level of a-helices at 37°C than at 25°C.
This loss in secondary structure causes a dissociation of M1 dimers into

monomers, which has also been demonstrated to decrease the binding of
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human fibrinogen (Nilson et al., 1995, Cedervall et al., 1997). Whilst 25°C is not
physiologically relevant, the bacterium will encounter different environments
during infection. The experiments conducted during this project were carried out
at 37°C, as this is the optimum temperature for GAS growth (Gera and Mclver,
2013) and is the average core temperature in humans. However, fever can
occur during infection raising the core temperature to above 40°C (White et al.,
2011). Additionally, skin-tropic strains of GAS might encounter much cooler
temperatures. All of these variations in temperature have been shown to have
an effect on the secondary structure of M-proteins and could aid in the

progression of infection.

4.4.3.2 Immobilised rM1

The proposed model for the progression of severe invasive GAS infections
suggests that later in infection GAS are selectively pressured towards those
with CovRS mutations (section 1.4.1). These mutations result in upregulation of
key virulence factors including streptokinase and a repression in the protease,
SpeB (Cole et al., 2011). The repression of SpeB results in the retainment of
M1 protein on the surface of GAS, which is thought to promote cell surface
plasmin generation through the formation of a trimolecular complex with
fibrinogen (McArthur et al., 2008, Glinton et al., 2017). Little is currently known
about the stimulatory effect that fibrinogen bound M1 has on plasminogen
activation by SK 2a. A model of cell-bound M1 protein was used to investigate
this, whereby rM1 protein was immobilised on the surface of the wells of a
nickel-coated microtiter plate. The rM1 protein was bound to the nickel-coated
surface via a C-terminal Histidine tag and plasminogen activation by the
streptokinase variants was investigated in the presence of rM1 alone, soluble

fibrinogen alone and with rM1 pre-incubated with fibrinogen. Where soluble
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fibrinogen was included in the wells, the nickel-coated surface was pre-
saturated with histidine tagged albumin to prevent non-specific binding of
fibrinogen. As demonstrated in Figure 59, immobilised rM1 does not enhance
the activation of glu-plasminogen by rSK H46a, rSK 2a or rSK 2b. Additionally,
fibrinogen bound immobilised rM1 does not further stimulate the activation of
the streptokinase variants further than in the presence of fibrinogen alone
(Figure 47). Based upon these results, it is proposed that the Cluster 2a
streptokinase is independent of its associated M1 protein for activation, and
preferentially activates plasminogen in the presence of fibrin. Whilst
independent to associated SK 2a, cell bound M1 aids in the dissemination of
the bacteria by camouflaging the GAS from opsonophagocytic killing (Ringdahl
et al., 2000, Carlsson et al., 2005) and promotes cell surface plasmin
generation by binding plasminogen to fibrin(ogen) (Glinton et al., 2017). It is not
currently known if other bacteria species use a similar mechanism with cell-

surface fibrinogen receptors to acquire cell surface plasminogen.

4.4.3.3 Solution rPAM

SK 2b-expressing strains are unique in that they are commonly associated with
a plasmin(ogen)-binding M protein known as PAM. SK 2b cannot generate an
activate site in glu-plasminogen solution through conformational rearrangement,
which is consistent with the specific activities calculated using chromogenic
solution plasminogen assays (0.84 IU/ug, section 4.4.1). Current understanding
of plasminogen acquisition and activation by SK 2b-expressing strains is limited,
with proposed mechanisms suggesting that optimal plasminogen activation
requires the formation of a trimolecular complex between the streptokinase-
plasminogen-fibrinogen bound to PAM (Zhang et al., 2012, Chandrahas et al.,

2015). To further investigate this mechanism chromogenic solution assays were
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amended to incorporate 3.1 pg/ml rPAM and 3 mg/ml fibrinogen (Figure 57).
Consistent with previous results (Zhang et al., 2012, Chandrahas et al., 2015),
PAM stimulates the plasminogen activation activity of rSK 2b ~12.95-fold
(Figure 57C). In the presence of rPAM and fibrinogen the activity of rSK 2b is
increased by ~46.54-fold, from almost zero in solution assays which are levels
comparable to the Group C streptokinase (Figure 57C). Whilst previous studies
using culture supernatants (McArthur et al., 2008) have suggested that PAM
does not further stimulate the activity of SK 2b, studies using purified conditions
are consistent. The experiments that do not observe a stimulation in the
presence of PAM use the culture supernatant as a source of SK 2b; which has
been shown to contain L-lysine, and analogues, an inhibitor streptokinase-
plasminogen formation (Lin et al., 2000). The rSK H46a and rSK 2a was also
stimulated ~3-fold in the presence of rPAM (Figure 57A &Figure 57B). However,
whilst rSK H46a was not stimulated further by the presence of fibrinogen and
rPAM, rSK 2a activity was enhanced by 8.81-fold in comparison to solution
activity levels (Figure 57C). The stimulatory effect of rPAM was investigated
further by amending the assays to incorporate a dilution range of rPAM in the
presence of glu-plasminogen, or lys-plasminogen. The bell-shaped profile of the
rSK 2b plots of fold change in activity verses log of the PAM concentration,
appears to follow a template mechanism (Figure 58). The increase in rPAM, the
template protein, causes an observed increase in plasminogen activation rates
up to the optimum rPAM concentration (Figure 63). This suggests that rPAM
has a novel binding region for both rSK 2b and plasminogen, allowing the
formation of a ternary complex (Figure 63). The optimum stimulation of rSK 2b
was observed between 9.2- 36.98 ug/ml rPAM in the presence of glu-

plasminogen (Figure 58A) and 3.1 — 18.49 ug/ml rPAM in the presence of lys-
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plasminogen (Figure 58B). Binding of rSK 2b-plasminogen and plasminogen to
the rPAM surface brings the activator and substrate into close proximity.
However, as the rPAM concentration continues to increase, the rSK 2b and
plasminogen are likely to bind to different rPAM molecules and the stimulatory
effect is lost (Figure 63). PAM is a cell-surface bound M-protein that covers the
surface of GAS in a hair-like fimbriae, therefore it is difficult to pinpoint whether
these are physiologically relevant concentrations. The rSK H46a and rSK 2a
displayed similar levels of glu-plasminogen stimulation in the presence of
increasing concentrations of rPAM (Figure 58A). However, upon replacement
with lys-plasminogen the Group C Streptokinase, rSK H46a, was not stimulated
by rPAM (Figure 58B). This suggests that the stimulation observed with rSK
H46a was due to the conformation change of glu-plasminogen binding to rPAM.
Recent studies of PAM binding glu-plasminogen lysine binding sites have
demonstrated that upon binding, the conformation of the zymogen is relaxed
which is more readily activatable (Ayinuola et al., 2021b), thus explaining the
loss in stimulation of rSK H46a upon addition of lys-plasminogen. Whilst there
was also a dramatic decrease in stimulation rSK 2a in the presence of rPAM
bound lys-plasminogen, there is still evidence of a bell-shaped profile,

suggesting rSK 2a might also bind to weakly PAM.

This template mechanism is not observed with any of the streptokinase variants
in the presence of rM1, suggesting it is specific to rPAM. PAM is a major
virulence factor of skin tropic GAS strains, which has previously been shown to
bind strongly to Kringle 2 of human plasminogen (~1 nM) via the N terminal
A1A2 domains (Wistedt et al., 1998, Wistedt et al., 1995). Mutagenesis studies
of the A1A2 domains in PAM have indicated that plasminogen binding occurs

via interactions with a Arg His motif. A dramatic reduction in plasminogen
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binding is observed upon mutation of these amino acids (Sanderson-Smith et
al., 2007, Bhattacharya et al., 2014). The PAM used in this project (NS88.2) is a
Class Il PAM, which means it only contains the A2 domain, the Arg His motif
thought to be responsible for plasmin(ogen) binding is circled in Figure 64. The
A2 domain has previously been shown to have a 5-fold higher affinity for
plasminogen Kringle 2 domain than the A1 domain (Quek et al., 2019). The M1
protein does not contain any of these consecutive residues, except for in the
signal peptide which is removed in the mature protein, possibly explaining the
inability for M1 to bind plasminogen (Figure 64) (Qiu et al., 2019). The mature
protein sequence of rM1 and rPAM share 60.7% sequence identity, with the C
and D domains being the most conserved regions (Figure 64). This mechanism
can be further investigated by ensuring other rPAM from different GAS strains
demonstrate this template profile. Once confirmed, multiple sequence
alignments of rPAM from different GAS strains might identify common motifs in
the B-like regions or hypervariable regions of different rPAM for mutagenesis

studies and to investigate binding kinetics using SPR.

4.4.3.4 Immobilised rPAM

PAM is not thought to be cleaved by SpeB, as indicated by previous studies
investigating the plasminogen binding levels to the GAS surface in culture
supernatants which revealed no differences between the presence or absence
of the SpeB protease (Agrahari et al., 2013). PAM is thought to be essential for
cell-surface plasmin acquisition, providing GAS with a proteolytic coat that can
disrupt extracellular matrix and tight junctions, aiding in the dissemination of the
bacterium (Sanderson-Smith et al., 2008, Sumitomo et al., 2013, Sumitomo et
al., 2016, Lahteenmaki et al., 2000). Whilst PAM is not the only plasminogen

receptor on streptococcus (e.g. enolase (Pancholi and Fischetti, 1998) and
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GAPDH (Winram and Lottenberg, 1996)). PAM knockout mutants of GAS
demonstrated significantly reduced plasmin(ogen) binding suggesting that PAM
is the main receptor for cell surface plasmin(ogen) acquisition (Agrahari et al.,
2016). Studies on the activation kinetics of plasminogen - cell bound PAM by
SK 2b is mainly understood based upon cell culture supernatant activity. Culture
supernatants contain L-lysine, and many of its analogues, which has previously
been shown to prevent the formation of streptokinase- plasminogen complexes
(Zhang et al., 2012), which could impact the observed kinetics. A model of cell-
bound PAM was used to investigate this in purified conditions, whereby rPAM
was immobilised, via a C-terminal histidine tag, on the surface of the wells of a
nickel-coated microtiter plate. As demonstrated in Figure 60C, immobilised
rPAM is a potent stimulator of rSK 2b glu-plasminogen activation. In the
presence of immobilised rPAM the rSK 2b activity is stimulated ~5.3-fold higher
in activity than the rSK H46a in solution. The presence of immobilised rPAM
stimulates the rSK 2b ~2-fold more than in the presence of soluble rPAM,
suggesting the orientation and colocalisation of glu-plasminogen is important.
Consistent with the solution plasminogen activation experiments, in the
presence of rPAM (section 4.4.3.3), the rSK H46a and rSK 2a was also
stimulated in the presence of immobilised rPAM (Figure 60A and Figure 60B).
However, this stimulation was lost when glu-plasminogen was replaced with lys-
plasminogen. As described previously, the rSK H46a and rSK 2a stimulation is
likely due to the plasminogen binding to ligands, relaxing the conformation to a
readily activatable zymogen (Ayinuola et al., 2021b). Whilst rSK 2b also
decreased in activity upon addition of lys-plasminogen bound to immobilised
rPAM, the levels were still higher than solution activation levels of glu-

plasminogen. This suggests the template formation described in section 4.4.3.3
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is still occurring and rSK 2b can still generate an active site (Figure 60C).
Proposed mechanisms for optimal activation of glu-plasminogen by SK 2b
suggest that a trimolecular complex of streptokinase-plasminogen-fibrinogen

must be formed bound to PAM (Zhang et al., 2012, Chandrahas et al., 2015).

This theory was investigated by amending the immobilised assays to
incorporate the presence of fibrinogen. As demonstrated in Figure 61, the
addition of fibrinogen to immobilised rPAM decreases the glu-plasminogen
activation activity of rSK H46a, rSK 2a and rSK 2b. Thus the pathway proposed
for cell-surface plasmin acquisition, involving plasminogen directly interacting
with PAM, and enhancing the SK 2b activity (Zhang et al., 2012) appears the
most important; with higher glu-plasminogen activation activities observed in the

presence of immobilised rPAM alone.
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Figure 63 Proposed template mechanism for streptokinase 2b. A bell-shaped profile of the rSK 2b plots of fold change in
activity verses log of the PAM concentration, appears to follow a template mechanism. The increase in rPAM causes an observed
increase in plasminogen activation rates up to the optimum rPAM concentration. Binding of rSK 2b-plasminogen and plasminogen
to the rPAM surface brings the activator and substrate into close proximity. However, as the rPAM concentration continues to
increase, the rSK 2b and plasminogen are likely to bind to different rPAM molecules and the stimulatory effect is lost.
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Figure 64 Sequence alignment of M1 protein (SF370) and PAM (NS88.2). Sequence
alignment of M1 protein (SF370, Accession number: AAK34694.1) and PAM (NS88.2,
Accession number: AAQ64526.2) was performed in Vector NTI (InforMax, Bethesda, MD,
USA). The M proteins mature region share 60.7% sequence identity (64.1% consensus
positions). Solid lines represent domains in the M1 protein, whilst dash lines represent
domains in PAM. Blue is the signal peptide, Red is the A or A-like domains (the double dashed
red line indicates the specific A2 domain), Green indicates the B region or B-like region.
Circled in the PAM A2 domain sequence is the proposed plasminogen binding residues, Arg
and His.
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4.4.4 Future work

The data presented in this work suggests that PAM acts as a template for
plasmin(ogen) acquisition and contains a binding site for both SK 2b and
plasminogen. The PAM used in this work is a Class ||l PAM, containing only one
binding domain for plasminogen (A2). The decision to investigate the
mechanism of PAM and SK 2b from GAS strain NS88.2 is because it originates
from an invasive blood infection isolate and is found to have a naturally
incurring CovS mutation, resulting in an absence in SpeB expression (Maamary
et al., 2010). However, other PAM classes contain two binding domains that
also originate from invasive GAS strains e.g., invasive skin tropic AP53 GAS
strain contains a Class | PAM which binds plasminogen via the A1A2 domain
(Qiu et al., 2020). It would be of interest to repeat the experiments with the
addition of Class Il and 11l PAM and associated SK 2b to see if the template
mechanism is a feature of all PAM. Multiple sequence alignments could provide
insights to a common motif in the A or B domain, responsible for binding SK 2b.
Previously SPR experiments have been conducted using Biacore to investigate
the association and dissociation kinetics of plasminogen binding to PAM
(Chandrahas et al., 2015). These experiments could be repeated incorporating
SK 2b, SK 2a and SK H46A, with and without the presence of human
plasminogen to investigate the presence of a novel binding site specific for SK

2b.

Fibrinogen was also demonstrated to exhibit a template profile for SK 2a
activation of glu-plasminogen in previous literature (Huish et al., 2017).
However contrary to previous research, both the native and recombinant Group
C streptokinase, displayed a similar bell-shaped curve in this project suggesting

a similar mechanism is occurring (Figure 48). The use of SPR would also
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provide information on the true binding kinetics of the streptokinase variants in

fibrinogen, to either rectify or validate the conflicting results.
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Chapter 5 Summary of Discussions

Streptococcus pyogenes, or GAS, is a strictly human pathogen capable of
causing a diverse range of diseases with varying degrees of severity. From mild
infections of the skin and throat, such as impetigo and pharyngitis, to severe
invasive infections, such as necrotising fasciitis and STSS (section 1.3). GAS is
primarily spread through person-to-person transmission through respiratory
droplets and with direct contact from broken skin with infected sores (Walker et
al., 2014), and can live on the skin and inside the host for several hours to days
(Stevens et al., 1989). GAS may encounter many different environments during
infection and has evolved secreted and cell surface virulence factors to aid in

dissemination.

5.1 Proposed pathogenesis of hypervirulent GAS infections

The pathogenesis of GAS is highly complex, with each GAS serotype having a
specific set of virulence factors. A schematic diagram of the proposed
pathogenesis of GAS is demonstrated in Figure 65, adapted from (Cole et al.,
2011). At the first stages of GAS infection, the bacterium is thought to adhere to
host epithelial or mucosal cells via the GAS surface associated carbohydrate,
lipoteichoic acid (LTA), binding to fibronectin. This interaction is weak,
unspecific and not sufficient to provide tissue tropism, but aids in bringing
bacteria and host cells into close proximity (Courtney et al., 2002). A stronger
linkage then forms between multiple virulence factors including the HA capsule,
pili, and fibronectin-binding protein 1 (Sfbl), with M-protein being the most
important adhesive (Langshaw et al., 2018, Rohde and Cleary, 2016). A
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number of host proteins are involved in this process such as collagen,
fibronectin, fibrinogen, laminin and vitronectin providing a binding component for
the bacterium adhesins (Rohde and Cleary, 2016). However, the exact cell
attachment mechanism is yet to be fully characterised. Once the bacterium is
attached, microcolony formation occurs. These microcolonies provide defence
against biological, physical and chemical stress whilst facilitating bacterial

growth, before dispersal of bacteria (Vyas et al., 2019).

Following colonisation, intracellular dissemination occurs using invasin proteins;
Sfbl and M proteins are the best-studied which aid in the invasion of epithelial,
endothelial and phagocytic cells (Rohde and Cleary, 2016). Sfbl is thought to
attach to host fibronectin, thus changing the conformation of fibronectin which
allows the binding to asB1 integrins. The integrin and Sfbl-fibronectin linkage
stimulate recruitment of cell signalling molecules and the rearrangement of the
cytoskeleton, forming large invagination in host epithelial cells which ingest the
bacteria. The M protein also binds fibronectin directly, allowing fibronectin to
interact with surface integrin asB1, generating a zipper-like structure (Rohde and

Cleary, 2016, Castro and Dorfmueller, 2021).

5.1.1 M protein and fibrin(ogen) interaction

Invasive GAS must adapt to the surrounding host environment to establish
infection and disseminate into sterile tissues The CovR/S locus is a two-
component regulatory system, composed of the response regulator gene
(CovR) and sensor kinase gene (CovS). This system responds to environmental
stimuli and directly, or indirectly, controls ~15% of the streptococcal genome.
The CovRS positively regulates the cysteine protease SpeB, whilst negatively

regulating other virulence factors including the HA capsule, streptokinase, SLO,
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IgG- degrading enzyme and DNase Sdal (Levin and Wessels, 1998, Sumby et

al., 2006, Vega et al., 2016) (Section 1.4.1).

Whilst establishing infection, SpeB upregulation is thought to hydrolyse a wide
range of host and bacterial substrates leading to impaired recognition of GAS
by the host immune system and aiding in dissemination. For example, SpeB
has been shown to degrade host ECM, epithelial tight junctions,
immunoglobulins, complement proteins and chemokines. Whilst also degrading
many of GAS virulence factors such as protein H, streptokinase, Sdal and the

HA capsule (Nelson et al., 2011).

SpeB and neutrophil proteases have been demonstrated to cleave GAS cell
bound M1 protein leading to functionally active M1 at the site of infection. M1
binds host fibrinogen resulting in the formation of a supramolecular complex
capable of activating neutrophil 2 integrins (Macheboeuf et al., 2011). This
causes the release of heparin binding protein which is an inflammatory mediator
that can induce vascular leakage, a common symptom of STSS and necrotising
fasciitis (section 1.4.2.1). The M1-fibrinogen complex in the presence of anti-M1
IgG can also activate platelets, via the GPIIb/lla and FcyRIl integrin, causing
aggregation and platelet rich thrombi (section 1.4.2.1). The activated platelets
release their pro-inflammatory granules then adhere to neutrophils and
monocytes; resulting in the activation of both cell types and redistribution of TF
creating a hypercoagulable state (Shannon et al., 2007). Additionally, M
proteins have been shown to activate the coagulation cascade via the intrinsic
and extrinsic pathways (section 1.2.1), with the intrinsic cascade activating at
the cell surface and extrinsic being activated by interactions with soluble M
proteins (Walker et al., 2014, Oehmcke et al., 2012). Massive dysregulation of

the pro- and anti-coagulation equilibrium is a central finding in sepsis and
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severe GAS infection (Stevens, 2001) with microthrombi often found at the site
of infection and at distant sites. Previous studies have indicated that fibrinogen
bound to GAS in human plasma resulted in clots with a drastically different clot
morphology; this was attributed to the M proteins because M protein negative
mutants displayed normal clot formation (Herwald et al., 2003). The impact of
soluble M1 protein on fibrin clot formation properties have not previously been
reported. The present study demonstrated that increasing concentrations of rM1
protein resulted in the formation of heterogeneous clots that were more porous,
with decreased clot strength, decreased FXllla cross-linking and a decrease in
the protective fibrin film (Chapter 3). A decrease in cross-linking of fibrin clots
would provide an advantage to GAS as FXllla has been previously been
demonstrated in tissue biopsies of patients with necrotising facciitis to cross-link
the bacteria via cell surface bound M1 to fibrin networks (Loof et al., 2011,
Deicke et al., 2016). Additionally, FXIllla deficient mice developed signs of
pathologic inflammation at the site of infection and FXIII treatment of wild-type
mice demonstrated attenuated bacterial dissemination (Loof et al., 2011). The
protective fibrin film on the surface of clots has been proposed to defend the
host against microbial invasion (Macrae et al., 2018). However, this film is
disrupted in the presence of soluble M1 protein (Section 3.3.6), which would
provide an advantage to GAS and allow the proliferation of bacteria and
movement through the clot. In whole blood conditions, fibrin clots incorporating
M1 protein were more suscepitble to lysis by plasmin. Whilst the plasminogen
activators (streptokinase, uPA and tPA) were not further stimulated by the
presence of M1 protein (Section 3.3.5.1 and 4.3.4.3), the clots were
mechanically weaker (Section 3.3.3.3) and demonstrated faster lysis times in

clots formed in whole blood (Section 3.3.5 and 4.3.4.2.2). Whilst establishing
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infection, the expression of SpeB has been proposed to degrade streptokinase
therefore the GAS would rely on host plasminogen activators to generate
plasmin to break down barriers. Humanised mouse models demonstrated that
tPA knockout mice showed no difference in bacterial dissemination in
comparison to wild-type (Ly et al., 2019). However, a decrease in GAS
virulence was observed in uPA knockout mice, with reduced GAS dissemination
and cell surface plasmin acquisition (Sanderson-Smith et al., 2013).
Additionally, upregulation of uPA expression is correlated with poor patient
outcome in sepsis patients (Beyrich et al., 2011, Winkler et al., 2002). It would
therefore be of interest to repeat the turbidimetric lysis experiments,
incorporating rM1, with the addition of host activators uPA and tPA. Whilst our
results demonstrated that the host plasminogen activators are not further
stimulated by M1 bound fibrin (Section 3.3.5.1), the structure of the resultant
fibrin clots could influence the plasminogen activators ability to generate
plasmin. For example, tPA binds to fibrin via C-terminal lysine residues which
increases plasminogen activation activity by 100-1000-fold (de Vries et al.,
1991, Rijken et al., 1982, Hoylaerts et al., 1982). However, the structural
changes observed in M1 bound fibrin could reduce tPA ability to bind fibrin, thus
reducing the plasmin generation. On the other hand, uPA contains no binding
sites for fibrin and a low affinity for fibrin (Cesarman-Maus and Hajjar, 2005)
therefore plasmin generation would be minimally affected by fibrin structure
changes. This could possibly explain the reason behind a reduced GAS
virulence in the absence of uPA, but not tPA, in streptokinase knockout GAS

mutants.

Mutations in the CovsS, that reduce the activity of CovR regulator gene, are a

common cause of GAS hypervirulence in clinical isolates (Ikebe et al., 2010,
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Shea et al., 2011, Maamary et al., 2012, Tatsuno et al., 2013, Garcia et al.,
2010, Masuno et al., 2014) and invasive infection models in mice (Sumby et al.,
2006, Walker et al., 2007, Mayfield et al., 2014, Engleberg et al., 2001). The
exact events leading to and causing a mutation in CovR/S has not yet been
determined. However, it has been shown that GAS are selectively pressured
towards those clones that lack a fully functioning CovS component when
experiencing environmental pressures (Cole et al., 2011). For example, CovRS
mutants can be positively selected for in the presence of neutrophils. In mice
with normal neutrophil responses, CovS mutants have been demonstrated to
outcompete the wild-type bacteria. However, in neutropenic mice the wild-type

GAS showed higher survival (Li et al., 2014).

5.1.2 Streptokinase plasminogen activation

An important aspect of CovRS mutations is the downregulation of the bacterial
protease, SpeB. This has been observed in culture supernatants, where
CovR*S mutants displayed no detectable SpeB (Maamary et al., 2010). The
mutation also allows expression of other virulence factors of GAS (such as
streptokinase, SLO and the HA capsule) without degradation by SpeB (Liang et
al., 2013). It has been proposed that the CovS™ mutants expressing all of the
virulence factors are beneficial for GAS in hostile environments (such as in
blood), whereas CovS* strains are important for reducing energy burden and
aids in colonisation (Vega et al., 2016). The repression of SpeB also results in
the retainment of M proteins on the surface of GAS, which is thought to promote
cell surface plasmin generation through the formation of a trimolecular complex
with fibrinogen-plasminogen-streptokinase (McArthur et al., 2008, Glinton et al.,

2017). The plasmin accumulation forms a proteolytic coat surrounding GAS
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which can degrade host tissue barriers and fibrin networks leading to systemic

dissemination (Walker et al., 2007, Cole et al., 2006).

Streptokinase is a secreted nonproteolytic Streptococcal plasminogen activator.
The streptokinase binds host plasminogen then the N-terminal llel residue
forms a salt bridge with the Asp740 of plasminogen, inducing a conformational
change. This complex can then activate further plasminogen molecules to
generate the formation of the serine protease, plasmin (Section 1.4.3).
Phylogenetic analysis of streptokinase from diverse strains of GAS indicate that
B-domain sequence variation can divide the streptokinase into 3 distinct clusters
[(Figure 6) 1, 2a and 2b]. Epidemiological studies have demonstrated that type-
2b expressing strains are mainly skin-tropic and associated with PAM
(plasminogen-binding group A streptococcal M protein) on the cell surface.
Whilst type-2a expressing strains are secreted from nasopharyngeal isolates
and are commonly associated with a fibrinogen binding M protein such as M1.
Cluster 1 streptokinase appear to behave like group C streptokinase, whereby
Cluster 1 has no specific tissue tropisms and can activate plasminogen free in
solution and does not appear to coincide with particular M- proteins or require
co-factors for full activity (Section 1.4.3). However, the relationship between the
streptokinase sequence variations, and the M-protein association is not fully

understood at the molecular level.

5.1.2.1 SK 2a-expressing GAS and M1

SK 2a expressing GAS strains include the highly prevalent and virulent globally
disseminated M1T1 clone (Aziz and Kotb, 2008). The invasive emm 1 serotype
contains the fibrinogen binding M1 protein on the cell surface. Binding
fibrinogen to the cell surface of GAS via M1 protein aids dissemination of the

bacteria by evading host immune recognition by preventing complement
262



deposition (Sandin et al., 2006, Carlsson et al., 2005). Additionally, the M1
protein has been shown to acquire cell-surface plasmin through a trimolecular
complex with streptokinase-plasminogen-fibrinogen (McArthur et al., 2008). In
the present study, SK 2a was weakly stimulated by fibrinogen (Section 4.3.3)
and our data and others (Zhang et al., 2012, Glinton et al., 2017), revealed that
the presence of M1 protein, immobilised or soluble, does not further stimulate
plasmin generation by SK 2a alone or in the presence of fibrinogen (Section
4.3.4). However, a recent study has shown that in the presence of fibrinogen,
SK 2a-expressing GAS strains are able to bind plasminogen on their surfaces at
similar levels with that of a PAM- expressing strain (Glinton et al., 2017). Thus,
formation of trimolecular complex would therefore provide the GAS with a
proteolytic coat to overcome host barriers. The surface bound M1 protein has
been shown to be cross-linked by FXIlla to the fibrin network, following
activation of the clotting system at the bacterial surface via the intrinsic
pathway. The bacteria were observed in tissue biopsies from patients with
streptococcal necrotising fasciitis to be cross-linked to the fibrin networks (Loof
et al., 2011, Ben Nasr et al., 1995), thereby limiting bacterial invasion. This
study (Section 4.3.3.2), and previous literature (Huish et al., 2017), have
revealed that fibrin is a potent stimulator of SK 2a. Suggesting that SK 2a would
preferentially activate plasminogen in an environment where fibrin is present
rather than in solution. Additionally, fibrin can also prevent host immune
responses by acting as a shield on the surface of SK 2a -expressing GAS

(Ploplis and Castellino, 2019).

SK 2a in complex with (fibrin)ogen, M1 or alone can also activate soluble
plasminogen in solution without inactivation by the host inhibitor a2 -antiplasmin

(Grella and Castellino, 1997). Therefore, plasmin generation at the site of
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infection (soluble or at the cell surface) can function as a defence against the
immune responses. Plasmin acquisition enables GAS to penetrate epithelial
cells, endothelial cells, and tight junctions. Additionally, plasmin can activate
host matrix metalloproteinases which degrade ECM and basement membrane,
further facilitating systemic spread of GAS into sterile sites (Sun et al., 2004,

Hynes and Sloan, 2016).

The M1 protein appears to have different functions at different stages of
infection. For example, M1 aids in colonisation by binding fibronectin, evades
the immune system by binding complement proteins and promotes cell surface
plasmin acquisition. At certain stages of infection, the M1 is cleaved from the
surface where it can activate neutrophils, platelets and monocytes resulting in a
hypercoagulable state (Section 5.1.1). However, in tissue biopsies specimens
from patients with invasive Streptococcus pyogenes infections, it has also been
demonstrated that GAS and platelets are colocalised in microthrombi at sites of
infection (Shannon et al., 2007), suggesting that cell bound M1 fibrinogen
complexes can also activate platelets. Therefore, cell bound M1 may retain
some of the functionalities of soluble M1, resulting in consumption of clotting
factors and platelet depletion, as observed in Streptococcal sepsis (Reglinski

and Sriskandan, 2014).

5.1.2.2 SK 2b-expressing GAS and PAM

The present study is consistent with previously published data that SK 2b
cannot conformationally induce an active site in soluble glu-plasminogen
without the presence of co-factors (Section 4.3.3.1), with a calculated specific
activity of 0.84 1U/ug. SK 2b is commonly associated with PAM, an M protein
that can directly bind to the lysine binding sites of plasminogen K2 domain

(Wistedt et al., 1998, Wistedt et al., 1995). Whilst PAM is not the only
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plasminogen binding protein on GAS (enolase and GADPH), it has been shown
that that other plasminogen receptors do not affect the generation of the
streptokinase — plasminogen complex and PAM is the main receptor for
plasminogen acquisition (Agrahari et al., 2016, Cook et al., 2014). The
importance of PAM for GAS pathogenesis has previously been demonstrated
using knockout PAM mutants in humanised mice models. Inactivation of the
PAM gene reduced bacterial virulence and increased survival rates of mice to
~60% after 10 days in comparison to wild-type GAS strains (<20% survival rate)
(Chandrahas et al., 2015). It has been proposed that PAM is co-inherited with
the SK 2b (McArthur et al., 2008, Kalia and Bessen, 2004, Zhang et al., 2012).
In the current work, a template mechanism was observed for plasminogen
activation with increasing concentrations of PAM, suggesting that PAM has a
novel binding site for SK 2b (Section 4.4.3.3). If this is confirmed with further
studies, this would support that PAM is coinherited with the SK 2b. The present
study demonstrated that SK 2b preferentially activates glu-plasminogen bound
to immobilised PAM (Section 4.4.3.4) or fibrin clots (Section 4.4.2 ). However,
the addition of fibrinogen to the immobilised PAM assays reduced the
plasminogen activation activity of SK 2b (Section 4.4.3.4). Previous studies
have indicated that, unlike SK 2a, the SK 2b is inhibited by az-antiplasmin when
the activator is in complex with plasmin, plasminogen-PAM, or plasminogen-
fibrinogen. However, the SK 2b was found to be resistant to az-antiplasmin
when plasminogen was bound to fibrin or when a trimolecular complex is
formed between fibrinogen-plasminogen-PAM (Cook et al., 2014). Therefore, it
is likely that in the presence of inhibitors, the SK 2b will be limited by the
presence or availability of additional cofactors and activity would be restricted to

certain microenvironments. The SK 2b would preferentially activate
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plasminogen bound to fibrin or to cell-bound PAM and fibrinogen in a
trimolecular complex. SK 2b displays some similarities to staphylokinase, a
plasminogen activator secreted from the ubiquitous skin coloniser,
Staphylococcus aureus. Staphylokinase has a low affinity for plasminogen and
cannot activate glu-plasminogen directly (Section 1.2). Additionally, similar to
SK 2b the staphylokinase-plasmin complex can be inhibited by a2 -antiplasmin
(Grella and Castellino, 1997). These characteristics could attenuate GAS
dissemination due to restricted plasminogen activation kinetics. Where the SK
2b activation complexes are protected from inhibition by a2 -antiplasmin only at
sites with fibrin or at the cell surface leading to more localised host proteolysis
by plasmin. However, it has been suggested that the cell surface plasminogen
binding capacity of PAM may be beneficial for long term colonisation of the skin
(Kinnby et al., 2008, Cook et al., 2014). The cell surface plasmin acquisition can
aid in evasion of the innate immune defences whilst preventing bacteria from

becoming entrapped in a fibrin coagulum (Sun et al., 2004, Law et al., 2013).
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5.2 Future perspectives

Despite over 100 years of research, currently no vaccination for GAS exists. An
increased understanding of GAS pathogenesis and virulence mechanisms
might uncover therapeutic targets for the treatment of GAS diseases and
sequalae. Studies such as these provide detailed information on the molecular
interactions of host proteins and bacterial virulence factors, which could identify
key proteins that lead to invasive diseases. For example, this work
demonstrated that host fibrin could play a key role in GAS pathogenesis, being
a potent stimulator of both SK 2a and SK 2b activity (Section 4.4.2).
Furthermore, fibrinogen has also been shown to interact extensively with cell-
surface bound M proteins, such as M1, which has been shown to activate
platelets, neutrophils and create a hypercoagulable state, whilst also enabling
the bacterium to hide from the host immune system and aiding in cell surface
plasmin acquisition (Section 1.4.2.1). Therefore, disruption of the fibrin(ogen)-

GAS interaction could potentially reduce the virulence of the bacterium.

Additionally, the virulence factors could be exploited for new therapeutics. For
example, streptokinase from the Group C Streptococci, H46a, has been used
as a thrombolytic agent since 1987 (Adivitiya and Khasa, 2017). However,
unlike tPA and pro-uPA, SK H46a has no fibrin specificity thus increasing the
risk of bleeding complications. However streptokinase is still widely used, due to
the high cost of human plasminogen activators (Adivitiya and Khasa, 2017).
Other bacterial activators with fibrin specificity have been proposed as potential
thrombolytic therapeutic such as staphylokinase (Collen, 1998). These are
attractive targets due to the fibrin specificity and rapid inactivation by a2 -

antiplasmin when not in complex with fibrin. In the current study, fibrin was also
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a potent stimulator of SK 2b, and was previously been found to be inactivated
by a2 -antiplasmin in solution (Grella and Castellino, 1997). Unlike
staphylokinase, SK 2b does not require trace plasmin to be present for
activation of plasminogen and can activate plasminogen bound fibrin.
Additionally, in the presence of fibrin, the SK 2b displayed similar activity to the
SK H46a (Section 4.4.2), but the activity would be limited to the fibrin clot,
reducing the risk of bleeding complications. Therefore, SK 2b could be a useful

plasminogen activator for therapeutic applications.

It is important to note that the data collected in this study was entirely based on
in vitro studies. These mechanisms should be further investigated in vivo to
ensure the results correlate with living organisms. There have been many
murine Streptococcal infection models developed, including human
plasminogen transgenic mice which can be used to further investigate the
findings in the current study (Khil et al., 2003, Sun et al., 2004, Sanderson-
Smith et al., 2006, Herwald et al., 2004, Watson et al., 2016). Additionally,
patient tissue biopsies of Streptococcus pyogenes infection might provide
further insight. For example, M1 protein and platelet aggregation was previously
shown in tissue biopsies of severe soft tissue infection (Shannon et al., 2007).
Patient tissue biopsies could provide insight on microthrombi deposition and
platelet rich thrombi incorporating M1 protein and further investigate the impact
of M1 protein on fibrin clot formation properties. Additionally, whilst the data
presented provides good insight into these invasive strains, there are currently
~230 serotypes of GAS. Whilst extensive research has previously been
conducted on the highly prevalent M1T1 strain, there is a clear need to continue

investigating how these findings translate to other invasive GAS isolates.
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5.3 Conclusion

GAS expresses an arsenal of cell surface bound and secreted virulence factors
which interact with the host immune and haemostatic system to aid in bacterial
dissemination. The current study focussed on cell surface bound M proteins and

secreted plasminogen activator, streptokinase.

M1-bound fibrinogen produces clots with remarkably different structures and
properties. Increasing the rM1 protein concentration produced heterogeneous
clots with irregular fibre bundles and compacted fibrin that lacked mechanical
strength. At rM1 concentrations above 23 pug/ml, the fibrin network was more
porous with increased fluid permeability. The protective fibrin biofilm at the clot
surface was also disrupted, with increasing numbers of pores/holes, and the
biofilm was entirely absent at the higher rM1 concentrations. Whilst the purified
fibrinogen showed no significant differences in lytic susceptibility in the
presence of rM1, whole blood conditions demonstrated an observed increase in
susceptibility to lysis. GAS strains of M1-type are commonly associated with
invasive infections, the impact of M1 on fibrin structure may contribute to the
severity of infection by compromising the fibrin barrier that limits bacterial
proliferation and migration. Sepsis and invasive GAS infection are often
associated with massive dysregulation of haemostasis resulting in the
deposition of microthrombi and consumption of coagulation factors, with
secondary risk of bleeding (Stevens, 2001). Therefore, the structure and
mechanical properties of fibrin may translate to the in vivo consequences of

infection such as microthrombi or thrombus formation.

Streptokinase variants share a high amino acid sequence identity, with rSK
H46a, rSK 2a and rSK 2b showing 81.7% sequence identity. However, these

variations translate to significant mechanistic differences at the molecular level.
270



At 37°C, rSK 2a is completely independent of its M-like protein for activity but is
maximally stimulated in the presence of fibrin. Whilst fibrin is also a potent
stimulator of rSK 2b, rSK 2b is maximally stimulated in the presence of its
immobilised M-like protein, rPAM suggesting an important role for cell-surface
plasmin generation. A template mechanism is observed with increasing
concentration of rPAM, suggesting a binding site exists on rPAM for rSK 2b.
Fibrinogen is a weak stimulator of rSK 2b, however appears to provide a
template for plasminogen activation for Group C streptokinase (recombinant,
rSK H46a and native, 3@ WHO IS streptokinase). Previous literature has also
indicated that fibrinogen also provides a template for rSK 2a activation of

plasminogen (Huish et al., 2017).
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Chapter 7 Appendices

7.1 LSCM of purified fibrin fibres

Repeat 1 Repeat 2 Repeat 3

[M1]

0 (ng/ml)

1.2 (ug/ml)

0.56 (pg/ml)

2.35 (pg/ml)

4.7 (ug/ml)

302



Repeat 1 Repeat 2 Repeat 3

[M1]

75 (pg/ml) 37.5 (ug/ml) 18 (ug/ml) 9.4 ((ug/ml)

150 (ng/ml)

Fibrin fibres were formed through the addition of thrombin ((01/578) 0.2 1U/ml)
and calcium (5 mM) in the presence of varying concentrations of rM1 protein (O-
150 pg/ml). Fibrinogen (3 mg/ml) was fluorescently labelled with Alexa fluor 594
(0.05 mg/ml). All dilutions were performed in Buffer B (Table 1) Scale bar: 20
pHm
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MCF (mm)
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7.2 MCF of purified fibrin clots in the presence of increasing
concentrations of rM1 and rPAM (1.88- 60 pg/ml)

THROMBIN

—@-

-0

0 188 375 7.5 15 30 60
[M1] (pg/ml)

Physical strength of clots incorporating rM1 or rPAM (0-60 pg/ml) were measured
with the addition of thrombin (00/578), 0.5 IU/ml) and calcium (5 mM). All dilutions
were in Buffer B (Table 1), performed using ROTEM ®. Maximum clot formation
(MCEF) after 1 hour is shown. Error bars represent SEM

M1

PAM
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