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Introduction

The human body is constantly exposed to various microorganisms, and
without our immune system, we would rapidly succumb to severe infections. In
response to invading microorganisms, the immune system triggers an inflammatory
reaction, serving to destroy or wall off the infectious agent. As these processes often
induce tissue damage, inflammation also has an important function in triggering tissue
repair. Although the immune system is fundamentally protective, it can cause
significant harm if the balance between tissue damage and repair is altered. For
example, inappropriate inflammatory reactions underlie hypersensibility reactions to
food or insect bites, and autoimmune disorders such as rheumatoid arthritis.
Moreover, severe bacterial infections, such as sepsis and septic shock, are believed to
be caused by an over-activation of the human immune system.

The present thesis explores how surface proteins of the important human
pathogen Streptococcus pyogenes interact with the three cornerstones of the human

immune system, namely innate immunity, adaptive immunity, and blood coagulation.
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1 Innate immunity

The innate immune system constitutes our first line of defense against
invading pathogens. It is mobilized within minutes to hours upon infection, and serves
to attack and eliminate the microbe. In addition, it has an important role in activating
the slower but more specific adaptive immune system. Innate immunity is
phylogenetically conserved and present in almost all multicellular organisms [1]. In
humans, it consists of proteins such as complement and antimicrobial peptides, as

well as immune cells, which are described in more detail below.

1.1 Polymorphonuclear Neutrophils

Polymorphonuclear Neutrophils are the first immune cells to arrive at the site
of infection. They normally circulate in the blood stream, but are guided to the
infectious site by endothelial cells that up-regulate adhesins, such as selectins and
integrins, in response to infection. As a result, neutrophils adhere to the vascular wall,
cross the endothelium via so-called diapedesis, and start to migrate towards the
infectious site. Here they attack microorganisms by for example phagocytosis,
followed by killing via oxygen radicals or microbicidal substances [2]. Neutrophils
are rich in cytosolic granules, containing for example inflammatory mediators,
antimicrobial peptides, matrix degrading enzymes, components involved in oxidative
burst, and membrane-bound receptors mediating adhesion. Based on the granular
content and the tendency to undergo exocytosis, at least four different subsets of
granula have been characterized; azurophilic (primary) granules, specific (secondary)
granules, gelatinase (tertiary) granules, and secretory vesicles. (reviewed in [3]). In
order to mount an effective antimicrobial response while minimizing damage of host
tissues, granula are mobilized in a regulated fashion. In the early phase of infection,
secretory vesicles containing adhesion receptors are exocytosed. Specific and
gelatinase granules are released next, secreting matrix-degrading proteases that
facilitate tissue migration. At a later stage, azurophilic granules rich in microbicidal
compounds are mobilized to the cell exterior or to the phagolysosomal compartment
[4]. Of the many proteins released from neutrophilic granula, heparin binding protein

(described below) is of special interest for this thesis.
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1.1.1 Heparin binding protein

Heparin binding protein (HBP), also known as azurodicin and cationic
antimicrobial protein of molecular mass 37 kDa (CAP37), is stored in both
azurophilic granules and secretory vesicles [5]. HBP belongs to the serine proteinase
family and shares sequence homology with elastase, proteinase 3 and cathepsin G
from human neutrophils [6]. However, the protein lacks enzymatic activity due to the
exchange of two out of three essential catalytic amino acids [6, 7]. Many of the HBP
effects specifically target monocytes. For example, the protein functions as a strong
chemoattractant to monocytes both in vitro [8] and in vivo [9], it selectively induces
adhesion of monocytes to the endothelium [10], it enhances monocyte survival [11],
and it potentiates cytokine production in monocytes treated with lipopolysaccharide
(LPS) [12, 13]. Moreover, HBP is antimicrobial against a wide spectrum of Gram-
negative bacteria, whereas Gram-positive bacteria, including S. pyogenes, are resistant
[14, 15]. The protein also binds the lipid A portion of LPS with high affinity [16], and

functions a potent inducer of vascular leakage [17].

1.2 Monocytes and macrophages

Monocytes are mononuclear phagocytes circulating in the blood stream. From
the blood, monocytes migrate into tissues, where they mature into different kinds of
macrophages. Both monocytes and macrophages constitute heterogeneous cell
populations with an impressing ability to vary surface markers and functional patterns
according to the microenvironment. Monocytes can broadly be divided into two
subpopulations, in the following referred to as inflammatory and resident monocytes

(table 1). Resident monocytes are recruited to tissues in the absence of inflammation.

Table 1. Differences between inflammatory and resident monocytes in surface markers,
adhesion molecules, and chemokines involved in monocyte trafficking. (BRAK, breast
and kidney-expressed chemokine; CD62L, L-selectin; C(X3)CR, chemokine receptor; ICAM,
intercellular adhesion molecule; MCP, monocyte chemotactic protein; MIG, monokine
induced by IFNy; MIP, macrophage inflammatory protein; VCAM, vascular cell adhesion
molecule)

Inflammatory monocytes Resident monocytes
Surface markers | CX3CR1", CCR2*, CD62L"* CX3CR 1M
Adhesion p2-integrin, ICAM1, ICAM2, VCAM1, B2-integrin
VLA4, CD62L
Chemokines MCP-1, MIG MIPla, BRAK,
fractalkine
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They adhere to non-inflamed endothelium via (2-integrins, and migrate into the
tissues where they differentiate into tissue-specific macrophages such as peritoneal
macrophages, alveolar macrophages, Kupffer cells in the liver, brain microglial cells
and pericytes. Under normal conditions, these cells maintain homeostasis of tissues by
clearing senescent and apoptotic cells [18]. Resident monocytes can also give rise to
specialized cells such as dendritic cells and osteoclasts [19]. In contrast, inflammatory
monocytes are specifically recruited to sites of infection, governed by adhesins up-
regulated by inflamed endothelium and guided by inflammatory chemokines
[18](table 1). At the infectious site, monocytes mature into macrophages and become
the main effectors of innate immunity. Firstly, they function as efficient phagocytes
that engulf and kill microbes. Secondly, they secrete inflammatory mediators such as
interleukins 1 and 6 (IL-1 and IL-6), and tissue necrosis factor oo (TNFa) that induce a
local inflammatory reaction. Macrophages can also up-regulate tissue factor (TF) on
their cell surfaces, which then initiates blood coagulation and amplifies the
inflammatory response (see chapter 3.1.1). Thirdly, they activate the adaptive immune
system by presenting antigen peptides on major histocompatibility complex (MHC)
class II to T cells [18]. In addition, macrophages are responsible for polarizing the
adaptive immune system towards a cell- or an antibody-mediated response due to
their ability to secrete different co-stimulatory signals in response to different stimuli

(see chapter 2.1).

1.3 Pattern recognition receptors

Cells of innate immunity express so-called pattern recognition receptors
(PRRs) in order to distinguish between self and non-self. Pattern recognition receptors
share some common features: (i) they recognize so-called pathogen-associated
molecular patterns (PAMPs) rather than specific epitopes, (ii) they are constitutively
expressed by the host, (iii) they are non-clonal, i.e. identical receptors are expressed
by all cells of a given type, and (iv) they are independent of immunologic memory
[20]. In the following section, some important pattern recognition receptors are

described.

1.3.1 Toll-like receptors

The toll gene was initially described to govern the embryonic development of

the Drosophila fruit fly [21], but it later became apparent that the corresponding
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protein also protected the fly from fungal infections [22]. Soon after, Toll-like
receptors (TLRs) were found in humans [23], where they are primarily expressed by
immune cells, and in particular by phagocytes [24]. TLRs belong to the family of type
1 transmembrane receptors with an extracellular domain containing leucine-rich
repeats regions, and a cytoplasmic domain (Toll/IL-1 receptor or TIR domain) that
shares homology with the IL-1 receptor. When activated, signaling occurs via a
MyD88 dependent or independent pathway that eventually leads to the activation of
nuclear factor kappa B (NFxB). NFkB controls the expression of genes involved in
innate immunity, such as inflammatory cytokines (reviewed in [25]). 11 different
TLRs have been described so far in humans, although human TLR11 seems to be
non-functional. Most of the known TLR ligands are of bacterial or viral origin, such
as LPS, peptidoglycan, microbial DNA and dsRNA, but host-derived substances such
as heat shock proteins, fibrinogen and mRNA have also been reported to activate the
receptors (table 2). TLRs can be divided into two groups based on their sub-cellular

localization, also reflecting their ligand specificities. As shown in figure 1, TLR1, 2,

4, 5, and 6 are expressed at the cell surface. In contrast, TLR3, 7, 8, and 9, which

Table 2. Ligands of human TLRs.

TLR | Microbial ligands Endogenous ligands

1 Triacyl lipopeptides (in conjunction with TLR2) [26]

2 Peptidoglycan [27]

LTA [27]

Lipoproteins from Gram-pos. and Gram-neg. bacteria

and Mycoplasma [28, 29]

Zymosan [30]

Yersinia V-antigen [31]

Streptococcal M protein (paper I, this thesis)

3 dsRNA [32] mRNA [33]

4 LPS [34, 35] Heat shock protein 60 [36]
Heat shock protein 70 [37]
Fibrinogen [38]
Extra domain A of
fibronectin [39]

Flagellin [40]

Diacyl lipopeptides (in conjunction with TLR2) [41]

ssRNA [42]

ssRNA [43]

CpG DNA [44] IgG/chromatin complexes
[45]

O 00 3 O\ L

10 | Unknown
11 Not applicable
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sense microbial nucleic acids and therefore require digestion of the pathogen, are
found in endosomal compartments [25]. Many of the cell surface-expressed TLRs
require co-receptors for efficient ligand recognition. For example, CD14 and MD-2
are involved in LPS-recognition via TLR4 [46], and dectin-1 has been identified as an
important binding partner of TLR2 in the response to (3-glucans [47]. In addition,
TLR2 forms heterodimers with either TLR1 or 6, allowing discrimination between di-
and triacyl fatty acids [48]. The diversity of co-receptors may explain the broad ligand
specificity of TLRs. It may also be a mechanism by which immune cells discriminate
between pathogens and commensals, as the downstream TLR signaling depends on

the co-receptor involved [49].

TLR2

— TLR4 TLRS
TLR6 TLR1

TLR2

™\
Cytosol
\. J

Figure 1. Sub-cellular location of pattern recognition receptors. TLRs are expressed at the
cell surface or in the endosomal compartment, whereas NOD-like receptors and RIG-I-like
receptors are found in the cell cytosol.

1.3.2 NOD-like receptors

NOD-like receptors are intra-cellular receptors (Fig. 1) that recognize non-self
structures in the cell cytosol. The proteins contain carboxyterminal series of leucin-
rich repeats, which are believed to be involved in ligand recognition [50]. The NOD-
like receptor family can be divided into two sub-classes, namely the nucleotide-
binding oligodimerization domains (NODs) and the NACHT-, LRR- and pyrin

domain-containing proteins (NALPs). The most well-characterized members are
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NOD1 and NOD2, which recognize peptides derived from peptidoglycans. While
NODI responds to y-D-glutamyl-meso-diaminopimelic acid present in peptidoglycan
from Gram-negative bacteria [51], NOD2 senses muramyl dipeptide present in
peptidoglycan from both Gram-positive and Gram-negative bacteria [52]. How these
ligands enter the cytosol is still unknown, but it has been suggested that they are
generated during bacterial digestion in the phagolysosome, or taken up by a specific
transporter [53]. NOD proteins are mainly expressed by antigen presenting cells and
epithelial cells, and similar to TLRs, their activation leads to an inflammatory
response via NFkB activation [53]. In contrast, NALPs are activated by pathogen-
associated molecular patterns including flagellin and bacterial RNA, but they also
respond to so-called danger-associated molecular patterns such as low concentrations
of intracellular K* and mechanical rupture [54, 55]. NALP signaling leads to the
activation of caspase-1, which converts pro-forms of IL-1f and IL-18 into

biologically active proteins [55].

1.3.3 RIG-I-like receptors

Retinoic acid inducible gene I (RIG-I)-like receptors are cytosolic proteins
(Fig. 1) that are activated by viral dsSRNA [56]. Their signaling is similar to that of
TLR3, TLR7, TLR8, and TLRY, all of which are activated by viral products [55].
However, while TLRs are mainly expressed by dendritic cells, RIG-I-like receptors
are widely distributed among human cell types. It has therefore been suggested that
TLRs are viral sensors of dendritic cells, whereas RIG-I-like receptors react to viral

infections in other cells [57].

10
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2 Adaptive immunity

While innate immunity depends on pattern recognition, the adaptive immune
system recognizes specific antigen epitopes. B and T cells, which are the main
effectors of adaptive immunity, express individual receptors with unique antigen-
specificities. As a consequence, only a small fraction of the total lymphocyte
population responds to a given antigen. Activated cells start to proliferate, and the
clonal expansion of antigen-specific cells leads to a highly adapted and specialized
immune response. A second function of the adaptive immune system is the generation
of immunologic memory, which enables rapid and efficient immune activation upon
re-infection with the same pathogen. A general overview of B and T cells is given

below.

2.1 T lymphocytes

In order to induce T cell activation, antigens have to be processed and
presented to the T cell as peptide fragments by MHC class I or class II molecules. In
humans, these are represented by several human leukocyte antigen (HLA) alleles.
MHC class I is expressed by all nucleated cells and presents peptides derived from the
cell cytosol. In contrast, MHC class II is mainly expressed by antigen presenting cells
and displays peptides from the endosomal compartment [58]. T cell activation is
initiated when the T cell receptor (TCR) binds to the antigen-MHC complex. In
addition, co-stimulatory signals from the antigen presenting cell, such as the binding
of CD80 or CD86 to CD28 on the T cell, are required for activation to take place [59].

The TCR is expressed as a dimer consisting of an o and a § chain (afT cells)
or ay and d chain (y3T cells). Each chain is encoded by large pools of gene segments,
distributed on different chromosomes. During the course of T cell maturation, the
gene segments are randomly combined, giving rise to an unique TCR on each T cell
[60]. Only a small fraction of the developing lymphocytes are allowed to mature, as
cells expressing TCRs that lack affinity for self-MHC class II, or that react to host-
derived peptides on MCH molecules, are eliminated [61]. As a consequence of the
enormous diversity of TCRs, only a minor subset of the T cell population is activated

in response to a single antigen. Activated cells start to proliferate, generating large

11
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clones of antigen-specific T cells with different effector functions depending on the T
cell type [62]. The majority of T cells express TCRs consisting of a and 8 chains.
These cells are subgrouped into CD4" and CD8" T cells based on their surface
markers. CD4" cells, also called T helper (Th) cells, recognize peptides presented by
MHC class II. Upon activation, the CD4" cell mounts either a Thl or Th2 response.
The Thl response is important for combating bacterial infections. It is characterized
by the secretion of IL-2 and IFNy, leading to enhanced phagocytosis, oxidative burst
and intracellular killing of microbes. In contrast, Th2 cells release cytokines such as
IL-4, IL-5, IL-10 and IL-13, promoting B cell activation and antibody production
[63]. Skewing towards the Thl or Th2 phenotype is largely dependent on the antigen
presenting cell and how this cell was activated. For example, Toll-like receptor
activation of dendritic cells generally leads to a Th1 response, whereas parasites such
as helminths trigger dendritic cells to induce Th2 cells [64].

CD8* cells, also referred to as cytotoxic T lymphocytes, recognize peptides
displayed on MHC class 1. Tumor cells and host cells infected with viruses or
intracellular bacteria will present foreign peptides to the cytotoxic T cell, which will
then induce apoptosis of the transformed cell [65].

Other subpopulations of T cells are for instance regulatory T cells and y8T
cells. Regulatory T cells downregulate the immune response, which may be an
important mechanism to prevent autoimmunity. yOT cells constitute only 1-5% of the
total T cell population and are mostly found in epithelial tissues such as the skin or the
gut. Their activation is not necessarily dependent on normal antigen processing,

which places them on the border between innate and adaptive immunity [59].

2.2 B lymphocytes

The most important function of B cells is to secrete antigen-specific
immunoglobulins (Ig). These Y-shaped molecules consist of two heavy and two light
chains, and are divided into five different classes (IgM, IgD, IgG, IgA, and IgE) based
on the constant region of the heavy chain [58]. Antibodies bind their corresponding
antigen epitopes on the invading microbe, thereby greatly enhancing the clearance of
pathogens through Fc-mediated phagocytosis. In addition, antibodies coating a

bacterium activate the classical pathway of complement, leading to direct destruction

12
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of the microbe via formation of the membrane attack complex, as well as to facilitated
phagocytosis via complement opsonization [66]. B cells recognize antigens via B cell
receptors, consisting of surface-bound antibodies. B cell activation is initiated upon
binding of an antigen to the B cell receptor. The antigen is taken up, processed, and
presented on MHC class II to T helper cells, which then provides a secondary co-
stimulatory signal. Activation leads to clonal expansion of the antigen-specific B cell,
which also matures into a plasma cell that produces large amounts of soluble
antibodies [58].

Similar to the TCR, B cell receptors are unique to each B cell due to random
re-arrangements of gene elements, so-called V(D)J recombination [67]. In addition, B
cell receptor heterogeneity is further increased through somatic hypermutation and
class switch recombination, which occur after antigen activation. Somatic
hypermutation generates high-affinity antibodies via point mutations in the antigen-
binding part of the Ig molecule. In some B cell receptors, the mutations lead to an
increased antigen-affinity, and these cells will be selected through continuous antigen
stimulation. Class switch recombination refers to the change of antibody classes from
IgM or IgD on naive B cells, to IgG, IgE, or IgA on activated cells. This is achieved
via DNA deletions that join the gene segment coding for the antigen-binding part with
a new constant region, thereby changing the antibody class without altering the
antigen-specificity [68].

When the infection is cleared, some plasma cells remain resting as memory B
cells. Upon re-challenge with the same antigen, memory B cells rapidly become
plasma cells that secrete high-affinity antibodies. Moreover, some B cells develop
into so-called long-lived plasma cells, which reside in the bone marrow and
constantly secrete low levels of antigen-specific immunoglobulins. Both mechanisms

are important for maintaining a long-term immunologic memory [69].

13
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3 Coagulation

Coagulation is vital to prevent blood loss and maintain blood pressure in case
of injury, but it is also intimately connected with inflammation. The following chapter
describes the molecular mechanisms behind blood coagulation, and its role in

immunity.

3.1 The coagulation cascade

The coagulation system consists of a number of serine proteases, or
coagulation factors, that circulate in plasma in their inactive forms. Clotting is
initiated via the intrinsic or the extrinsic pathway of coagulation, both of which lead
to activation of the common pathway (Fig. 2). The common pathway is triggered by
the activation of factor X, that subsequently catalyses the conversion of pro-thrombin

to thrombin. Next, thrombin activates fibrinogen to fibrin, which forms the clot [2].

Figure 2. The coagulation

_ _ﬁ\\"“ﬂ Xt cascade. Induction of the
“-\‘\%‘“ . cl’azbw( intrinsic or extrinsic
w 4 pathway triggers a cascade
ﬁK\ < of  coagulation  factor
XII W activation. Both pathways
= converge at the activation of
m factor X, which initiates the
X1 Nla TE common pathway. (HK, H-
kininogen; K, kallikrein;
m [\ PK, prekallikrein. Active (a)
IX IXa Vlla VII and inactive clotting factors
m ﬁ are represented by their

roman numerals.)

pro-thrombin  thrombin

(Z% fibrinogen fibrin
2
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%,
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3.1.1 Extrinsic pathway

The extrinsic pathway is the most important initiator of coagulation in vivo. It
is activated by the glycoprotein tissue factor (TF), which is constitutively expressed at
high concentrations by fibroblasts surrounding the blood vessels [70]. Upon vessel
damage, TF is exposed to plasma and forms a catalytic complex with coagulation
factor VII, leading to the activation of factor X (Fig. 2). The coagulation cascade
thereafter propagates along the common pathway until a blood clot is formed [71].
Although blood cells do not express TF under normal conditions, monocytes can be
induced to up-regulate TF in response to pro-inflammatory cytokines or bacterial
compounds such as LPS, peptidoglycan, LTA and superantigens [72-75]. Platelets
and neutrophils have also been suggested to express TF, but whether the protein is
produced by these cells or taken up from monocytes is still under debate [76, 77].
Systemic TF-driven activation of the coagulation cascade is believed to explain the
disturbed blood coagulation often seen in septic patients. Severe cases may progress
into disseminated intravascular coagulation (DIC), a serious condition characterized
by a massive formation of microthrombi. As a result, platelets and coagulation factors
are consumed, leading to localized bleeding [78]. Moreover, activation of blood
clotting leads to enhanced inflammation in a positive feedback loop. The coagulation
factors of the extrinsic pathway — factor VII, factor X and thrombin - all have pro-
inflammatory properties when activated, as they induce the release of inflammatory
cytokines and growth factors through protease-activated receptor (PAR) activation
(reviewed in [79]). Consequently, mice expressing low levels of TF or factor VII
display reduced coagulation, inflammation, and mortality compared to wildtype mice
upon LPS challenge [80, 81]. The role of coagulation in severe infectious diseases is
also exemplified by the fact that the anticoagulant agent active protein C is

successfully used in the treatment of sepsis [82].

3.1.2 Intrinsic pathway

The intrinsic pathway is initiated by the so-called contact system, consisting of
factor XII, prekallikrein and high molecular weight (H-)kininogen. The contact
system assembles on negatively charged surfaces, leading to the reciprocal activation
of factor XII and prekallikrein. Active factor XII triggers the sequential activation of

factors XI, IX, and X, and subsequent induction of the common pathway (Fig. 2)[83].
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In addition to the haemostatic effects, activation results in the release of the potent
pro-inflammatory and vasoactive mediator bradykinin from its precursor H-kininogen
[84]. Several bacterial species, including Escherichia coli, Salmonella,
Staphylococcus aureus, and S. pyogenes, can trigger the contact system by assembling
the participating proteins at their surfaces [85-88]. Activation of the intrinsic pathway

is believed to contribute to the hypotension seen in sepsis [89, 90].

3.2 Fibrinolysis

Blood coagulation is balanced by the fibrinolytic system, serving to dissolve
fibrin clots. Fibrinolysis is mainly mediated by plasmin, which is generated from its
precursor plasminogen upon activation by tissue plasminogen activator (tPA) or
urokinase plasminogen activator (uPA). Activation is enhanced in the presence of
fibrin, ensuring that plasmin is mostly generated during blood clotting [91].
Fibrinolysis is controlled by the plasminogen activator inhibitor-1 (PAI-1), or by
inhibitors of plasmin itself, such as a2-antiplasmin and a2-macroglobulin. It is also
attenuated by thrombin activatable fibrinolysis inhibitor (TAFI), as described in more

detail below.

3.2.1 TAFI

TAFI prevents fibrinolysis by removing carboxy-terminal lysine and arginine
residues from the surface of fibrin clots. As a consequence, the binding and activation
of plasminogen is prevented, resulting in a prolonged lysis time. TAFI is a zinc-
dependent procarboxypeptidase that is synthesized in the liver [92]. It is thereafter
released into the circulation, where it has a plasma concentration of 70-275 nM [93].
TAFI activation occurs by cleavage at Arg”, generating a 19 kDa activation peptide
and an enzymatically active 35 kDa fragment, TAFIa (Fig. 3). After only a few
minutes, TAFIa is inactivated via a conformational change, followed by further
processing into fragments of 25 and 11 kDa [94]. The most potent TAFI activator is
the thrombin/thrombomodulin complex [95]. Plasmin, trypsin and neutrophil elastase
can also activate TAFI, albeit less efficiently [96-98].

Interestingly, TAFI knock out mice have a normal hemostasis, but display
impaired wound healing [99], increased recruitment of inflammatory cells to the

infectious site, and an enhanced inflammatory response to E. coli-induced sepsis
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[100]. TAFI deficiency also leads to increased complement-mediated inflammation

and death in LPS-primed mice [101], suggesting that TAFI plays an important role in

inflammatory conditions.
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Figure 3. Activation of TAFI. Active TAFI (TAFIa) is generated via the enzymatic removal
of a 19 kDa activation peptide. TAFIa is rapidly inactivated via a conformational change,
which is followed by further processing into smaller fragments.
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4 Streptococcus pyogenes

Streptococci are Gram-positive bacteria that grow in chains or pairs. They are
classified into a, B and y-hemolytic bacteria according to their ability to lyse red
blood cells. o-hemolytic bacteria reduce the iron in hemoglobin, resulting in a
greenish color on blood agar plates, whereas (3-hemolytic bacteria cause complete
lysis of erythrocytes. In contrast, y-hemolytic streptococci are incapable of lysing host
cells. B-hemolytic bacteria are then subdivided into groups A-H, K-M and O-V, based
on group-specific cell wall carbohydrates. Streptococcus pyogenes, which was used
throughout this work, is a f-hemolytic group A streptococcus. These bacteria are
further divided into more than 100 different serotypes based on the type of M protein
and T antigen expressed on the bacterial surface [102].

S. pyogenes is a strictly human pathogen that mainly causes throat- and skin
infections, such as pharyngitis, scarlet fever, impetigo, erysipelas and cellulitis.
Although the vast majority of streptococcal infections are uncomplicated and self-
limiting, some cases may progress into sepsis, necrotizing fasciitis and streptococcal
toxic shock syndrome (STSS), all of which display an extremely rapid progression
and high mortality rates [103]. STSS is characterized by systemic toxicity,
hypotension, and multiple organ failure, and around 70% of STSS cases are
accompanied by necrotizing fasciitis or myositis [104]. Necrotizing fasciitis is an
infection of the deep subcutaneous tissue that spreads along the muscle fascia. It leads
to massive tissue destruction, often requiring surgical intervention in addition to
intravenous antibiotic therapy [105]. Streptococcal infections can also lead to non-
suppurative complications including rheumatic fever and acute glomerulonephritis
[103], the former being the leading cause of cardiovascular morbidity in the third
world. Taken together, S. pyogenes is responsible for over 500.000 deaths world wide
every year, placing the bacterium among the 10 most mortality-causing human
pathogens [106].

In order to infect the human host, S. pyogenes expresses a number of virulence
factors that mediate adhesion to host tissues, enable dissemination of bacteria, or that
modulate the immune response. Some of the virulence factors of S. pyogenes, with

emphasis on those important for this thesis, are described below.
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4.1 Capsule and cell wall

Gram-positive bacteria, including S. pyogenes, are surrounded by a thick cell
wall composed of peptidoglycans and LTA. LTA mediates adhesion of the
streptococcus to fibronectin on oral epithelial cells [107, 108], and both peptidoglycan
and LTA trigger innate immunity via TLR2 [109]. Outside the cell wall, streptococci
may form a hyaluronic acid capsule. The capsule is an important anti-phagocytic
factor [110], but it also enables adhesion to CD44-positive keratinocytes [111] and
facilitates throat colonization in vivo [112]. The ability to encapsulate varies between
streptococcal strains, and virulence differs accordingly. For example, clinical isolates
from severe streptococcal infections are more commonly encapsulated than strains
causing uncomplicated pharyngitis [113], suggesting that the capsule renders the

bacterium more virulent.

4.2 Surface attached virulence factors

4.21 M proteins

The importance of M proteins was demonstrated already in the 1960s, when
Rebecca Lancefield observed that streptococci survive in human blood in the absence
of M type-specific antibodies [114]. M proteins are expressed by all streptococcal
strains and can be seen at high magnification as hair-like structures protruding from
the cell surface. As depicted in figure 4, the protein is organized into an a-helical
coiled-coil dimer [115] with a conserved carboxy-terminal domain, a semi-variable
central part, and a hyper-variable amino-terminal end [116]. Similar to other surface
proteins of Gram-positive cocci, the carboxy-terminal is anchored to the cell wall via
an LPXxTG motif [117]. The far amino-terminal sequence is highly variable among
streptococci but is stable within a strain, and is therefore used to define the serotype.
Antibodies towards the amino-terminus allow effective killing of streptococci and
render the host immune against this particular serotype. The gene encoding M protein,
called emm, is regulated by the Mga regulon (multiple gene regulator of group A
streptococcus), which is maximally expressed during the logarithmic growth phase
[118], and in vivo during the acute phase of infection [119]

M proteins interact with a large number of host proteins, such as fibrinogen

[120], fibronectin [121], IgG [122], albumin [122], kininogens [123], factor H [124],
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N factor H-like protein-1 (FLH-1) [125],
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survive inside the cell [133, 134].

showing that streptococci are in fact

The intracellular survival seems to be M protein-dependent, as M-negative mutants
are efficiently killed [135]. Another function of M protein is to mediate adhesion to
skin keratinocytes [136] and Hep-2 tissue culture cells [137]. The protein has also
been demonstrated to promote intracellular invasion of S. pyogenes bacteria into
epithelial cells [138], and to allow throat colonization in a baboon model of group A
streptococcal pharyngitis [112]. Moreover, M proteins have been implicated in the
pathogenesis of rheumatic heart fever, as the streptococcal protein generates cross-
reactive auto antibodies against human myosin and collagen [139, 140].

Of importance for this thesis, M proteins can be released from the bacterial
surface by proteinases from the host or from the bacterium itself [122, 141, 142]. The
soluble protein forms complexes with fibrinogen, thereby triggering the activation of

neutrophils [142].
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In addition to the M protein, some streptococcal strains express one or two
structurally related proteins, collectively referred to as M-like proteins. The
corresponding genes (mrp, enn, protH and others) are clustered together with the emm
gene on the bacterial chromosome, and are controlled by the Mga regulon [103].
Similar to the M protein, M-like proteins bind a wide array of host proteins, and they
seem to cooperate with M proteins in rendering the bacteria resistant to phagocytic

killing [143-145].

4.2.2 Streptococcal collagen-like surface protein

Streptococcal collagen-like surface protein A and B (SclA and ScIB), also
known as Scll and Scl2, are two related proteins with a structure similar to that of
human collagen. They contain a collagen-like region with a glycin at every third
amino acid position, and an amino-terminal non-collagenous variable region. The
carboxy-terminus contains an LPxTG motif that anchors the proteins to the cell wall.
Like human collagen, Scl proteins adopt a “lollipop-like” structure with the variable
region forming a globular head, and at least some of the Scls can form triple helices
[146]. Both SclA and ScIB have conserved signal peptides and carboxy-terminal cell
wall regions, whereas the collagen-like and variable regions differ in size and primary
sequence. The genes encoding SclA and B are located at different sites of the bacterial
chromosome and are differently regulated. While Sc/A is up-regulated by the Mga
regulon [147], the transcription of Sc/B is down-regulated by the same protein [148].
Moreover, SclB expression is controlled in an ON-OFF fashion at the translational
level due to CAAAA repeats in the signal peptide sequence of the ScIB gene. The
number of repeats determines if the gene is in frame, and as a result, only some strains
express a functional SclB protein.

Although the physiological role of the Scls is still largely unknown, SclA has
been implicated in the adhesion of streptococci to human epithelial cells [149] and
ScIB to fibroblasts [148]. In addition, SclA from an M41 serotype binds low density
lipoprotein (LDL) in human plasma [150], and induces adhesion and spreading of
human lung fibroblasts through interactions with the collagen-binding a,f3, integrin

[151].
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4.2.3 Other surface proteins

S. pyogenes expresses a number of plasmin/ogen- and fibronectin-binding
proteins at the cell surface. The recruitment of plasmin/ogen is mediated by M and M-
like proteins [152, 153], a-enolase [154] and glyceraldehyde-3-phosphate
dehydrogenase [155], and is central to streptococcal virulence [156, 157]. Binding of
fibronectin to the bacterial surface involves protein F1/Sfbl [158, 159], streptococcal
opacity factor [160] and glyceraldehyde-3-phosphate dehydrogenase [161], as well as
M and M-like proteins [121, 145]. Bound fibronectin mediates adhesion and
internalization of the streptococcus into host epithelial cells [162-164], rendering the
bacterium inaccessible to antibiotic therapy and favoring a carrier state [165].
However, studies addressing the role of fibronectin-binding proteins in virulence have
shown conflicting results. Some demonstrate that S. pyogenes mutants lacking these
proteins are less virulent to mice than the wild type strains [166, 167], whereas others
on the contrary implicate that the fibronectin-binding property attenuates bacterial
virulence [168]. Another streptococcal surface protein is the CS5a peptidase. It
specifically cleaves the anaphylatoxin C5a [169], leading to retarded recruitment of
inflammatory cells to the site of infection and enhanced bacterial survival in the early

phase of infection in a mouse model [170].

4.3 Secreted virulence factors

4.3.1 Superantigens

Superantigens are among the most potent inflammatory mediators known.
They by-pass normal T cell activation by crosslinking MHC class II and the variable
B (VP) chain of the TCR, without prior intracellular processing (Fig. 5). Humans
express around 40 different V[ families, and superantigens therefore induce the
preferential expansion of T cells bearing V@ chains to which the superantigen has
affinity. It gives each superantigen an unique V[ profile, and causes a massive Thl
response in up to 30% of the T cell population. In contrast, a normal antigen activates
less than 0,01% of the T lymphocytes [171]. 11 different superantigens have been
described so far in S. pyogenes, namely the streptococcal pyrogenic exotoxins (Spe)
A, C, and G-M, the streptococcal superantigen (SSA), and the streptococcal mitogenic

exotoxin (SmeZ) [172]. In addition, pepsin-cleaved M protein fragments (pepM) from
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rheumatogenic strains such as the M5 T cell
serotype, have been reported to

function as superantigens [173, 174], lﬂ]il
although this has been a controversial TCR

issue [175]. Superantigens are believed
to play a role in the pathogenesis of Yz b
STSS, based on the findings that (i) @
high frequencies of SpeA-expressing
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Figure 5. Function of superantigens.
SpeA  induces toxic  shock-like Normal antigens are processed and
presented to T cell as peptide fragments on

symptoms and death in transgenic mice MHC class II. In contrast, superantigens

expressing HLA class II and human bind directly to both MHC class II and the
) ) ) TCR, thereby cross-linking the two
CD4 [181], and (iv) circulating receptors and causing a massive but non-

specific T cell response. (Ag, antigen;
APC, antigen presenting cell; SAg,
patients suffering from STSS [182]. superantigen).

superantigens have been found in

4.3.2 Other secreted proteins

Streptococcal pyrogenic-erythrogenic exotoxin B (SpeB), the perhaps most
well-characterized secreted protein of S. pyogenes, is a cystein proteinase with broad
substrate specificity. Among other things, SpeB releases the potent inflammatory
mediator bradykinin from H-kininogen [183], it converts pro-IL-1f into its active
form [184], it degrades the antibacterial peptide LL-37 and releases dermatan sulfate
that inhibits antimicrobial peptides [185, 186], and it degrades immunoglobulins
[187]. SpeB can also release endogenous proteins, including M protein, from the
bacterial surface [141]. Apart from SpeB, S. pyogenes secretes two additional
enzymes targeting immunoglobulins, namely immunoglobulin degrading enzyme of
S. pyogenes (1deS) that specifically cleaves IgG in the hinge region [188], and
endoglycosidase of streptococci (EndoS) that hydrolyzes glycans on IgG [187]. The
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cleavage of immunoglobulins is believed to be an important mechanism to avoid
immune recognition.

The streptococcal inhibitor of complement (protein SIC) was first reported to
prevent complement-mediated lysis by interfering with the formation of the
membrane attack complex [189], but it was later suggested that its most
physiologically relevant function is to neutralize antibacterial peptides, including
lysozyme [190], human -defensins hBD-1, hBD-2, and hBD-3 [191], and neutrophil-
derived o-defensin and LL-37 [192]. Streptolysin O and S (SLO and SLS,
respectively) are two streptococcal proteins that induce lysis of host cells. SLO forms
large pores in eukaryotic membranes through the binding to cholesterol [193],
whereas the less well-characterized SLS is responsible for the -hemolytic properties
of S. pyogenes [194]. Both proteins have been demonstrated to contribute to virulence
and to the induction of necrotic lesions in murine models of streptococcal infection
[194, 195]. Streptococci also secrete DNases. These enzymes protect bacteria from
being killed by DNA-containing neutrophil extracellular traps (NETs), and have been
demonstrated to promote the development of skin lesions in a mouse model of

necrotizing fasciitis [196].
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Present investigation

Paper I: M1 protein activates monocytes via TLR2

M proteins are regarded as classical streptococcal virulence factors by virtue
of their anti-phagocytic properties. In addition, it was recently reported that soluble
M1 protein triggers innate immunity by stimulating neutrophils to release HBP [142].
To further study the effects of the streptococcal protein on innate immunity, the aim
of the present study was to explore the effects of M1 protein on monocytes in the
absence or presence of HBP.

Treatment of human peripheral blood mononuclear cells (PBMCs) with M1
protein induced a potent inflammatory response, with secretion of the pro-
inflammatory cytokines IL-6, IL-1f, and TNFa. In the presence of HBP, the
inflammatory response was potentiated, whereas HBP alone did not trigger cytokine
release. This finding was also confirmed in whole blood, where an antibody against
HBP reduced M1 protein-induced cytokine secretion.

TLR2 and TLR4 are important sensors of Gram-positive and Gram-negative
bacteria. Using Chinese Hamster Ovary cells transfected with TLR2 or TLR4, we
found that TLR2-transfected cells, but not cells expressing TLR4, were activated by
M1 protein. Moreover, immunohistochemical stainings, followed by electron
microscopy, demonstrated that M1 protein and TLR2 co-localized at the bacterial
surface.

Flow cytometry studies revealed that HBP rapidly evoked -elevated
intracellular calcium levels in cells of the monocytic cell line Mono Mac 6. The
response was blocked in the presence of an antibody against the (3, integrin
CD11/CD18, suggesting that this receptor is involved in HBP signaling in monocytes.
Taken together, we propose a model where M1 proteins are shed from the
streptococcal surface, form complexes with human fibrinogen, and trigger neutrophils
to release HBP. The soluble protein can also interact with TLR2 on monocytes. As a
consequence, monocytes mount an inflammatory response, which is further enhanced
by the presence of HBP. The exact mechanism by which HBP potentiates cytokine
secretion is unknown. However, a recent study demonstrated that TLR signaling is
controlled by phosphatidylinositol 4,5-bisphosphate (PIP2), and that CD11b signaling

in macrophages triggers local PIP2 production and enhances LPS-induced IL-6
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production [197]. These findings may explain the effects of HBP on M1 protein-

evoked inflammation.

Paper II: Monocytes up-regulate TF expression in response to M1 protein

Since monocytes can up-regulate TF on the cell surface, the aim of paper II
was to study if M1 protein could induce pro-coagulant activity. To that end, PBMCs
or human whole blood were incubated with M1 protein, and their ability to induce
coagulation of human plasma was thereafter analyzed with clotting assays. M1 protein
induced dose-dependent pro-coagulant activity in both PBMCs and human whole
blood, and flow cytometry analysis confirmed that monocytes up-regulate TF in
response to M1 protein. Electron microscopy of a blood clot, induced by M1 protein-
treated PBMCs, demonstrated that the fibrin network was connected with the cell
surface, indicating that fibrin formation emanates from surface-bound TF. The

findings may help explain the disturbed blood coagulation often seen in sepsis.

Paper II1: M1 protein is a potent inducer of T cell activation

After having investigated the effects of M1 protein on innate immunity, we
next wished to study whether the streptococcal protein interferes with T cells of the
adaptive immune system. *H-Thymidine-incorporation assays showed that M1 protein
evoked massive T cell proliferation, similar to the response triggered by a
superantigen-containing streptococcal supernatant. This finding led us to investigate
whether M1 protein displayed the characteristics of a superantigen (see chapter 4.3.1),
and the results from a series of experiments suggested that this was the case. Firstly,
incubation of human T cells with M1 protein in the presence of inactivated Bare
Lymphocyte Syndrome (BLS) cells lacking MHC class II, or BLS cells transfected
with different HLA alleles, demonstrated that M1 protein required the presence of
MHC class II in order to trigger T cell activation, and that no intracellular processing
of the streptococcal protein was necessary. Secondly, flow cytometry analyses
implied that M1 protein-induced T cell proliferation was Vf restricted, with a
preferential expansion of T cells bearing VP2 and VP4 chains. Thirdly,
immunohistochemical stainings of PBMCs demonstrated that up to 4 % of the T cell

population produced the Thl type cytokines IFNy and TNFf in response to MI
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protein. Taken together, the results implicate that soluble M1 protein triggers massive
T cell activation in a superantigen-like manner.

Superantigens are believed to be involved in the pathogenesis of STSS, a
serious streptococcal infection associated with high mortality rates. Lately,
administration of polyspecific immunoglobulins (IVIG), containing antibodies against
superantigens and M proteins, to STSS patient has been proven beneficial for the
outcome of disease [198]. Incubation of PBMCs with M1 protein in the presence of
IVIG reduced the M1 protein-induced cytokine response to nearly background levels,
suggesting that neutralization of M proteins may be an important mechanism of action

for IVIG.

Paper IV: TAFI binds to SclA and ScIB

Proteolysis is important for many biological processes, including
inflammation. The streptococcus expresses several proteolytic enzymes, but it can
also recruit host proteases and protease inhibitors in order to create a tightly regulated
proteolytic atmosphere at the bacterial surface (reviewed in [199]). In paper IV, we
studied the interaction between the human procarboxypeptidase TAFI and S.
pyogenes. Several streptococcal strains were tested for their ability to bind TAFI, and
the results showed that the AP41 strain had the highest TAFI-binding potential. In
order to identify the structure involved in the binding, surface proteins from the AP41
strain were solubilized and incubated with TAFI immobilized on sepharose beads. A
35 kDa protein was recovered from the TAFI sepharose, and internal sequencing
identified the protein as SclA from S. pyogenes. The genes encoding both SclA and
ScIB in the AP41 strain were thereafter cloned and expressed in E. coli, and
subsequent binding studies confirmed an interaction between SclA and TAFI. SclB
bound TAFI as well, although less efficiently.

TAFI is mainly activated by the thrombin/thrombomodulin complex, but other
enzymes, such as plasmin, can also induce activation. It is well known that
streptococci bind plasmin/ogen, but the present study shows that also thrombin is
recruited by the AP41 strain. In the presence of plasmin or thrombin/thrombomodulin,
streptococcal-bound TAFI was processed in a pattern resembling TAFI activation.
Moreover, clot lysis assays confirmed that activation and enzymatic properties of

TAFI were still intact when the enzyme was bound to AP41 bacteria, or in the
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presence of soluble SclA or B. We speculate that recruitment and subsequent

activation of TAFI may be a way for S. pyogenes to modulate the host response.

Discussion

For bacterial pathogens such as S. pyogenes, interactions with the human host
are pivotal for survival and spread. Colonization of normally sterile sites gives
streptococci the advantage of not having to compete for nutrients with other bacterial
species. Instead, they will encounter the human immune defense that immediately will
try to eliminate the invading pathogen. The present thesis demonstrates several
mechanisms by which S. pyogenes interacts with the human immune system. In
papers I-III, M1 protein is identified as a potent inducer of inflammation. Given that
the immune response is harmful to bacteria, it may seem contradictory that the
bacterium expresses pro-inflammatory virulence factors. M1 protein activates
monocytes via TLR2 (paper I), and one characteristic feature of TLRs is that they
recognize pathogen-associated molecular patterns that are vital to the bacterium and
cannot be changed [20]. For example, TLR2 also senses LTA and peptidoglycan, both
of which are necessary building blocks of the Gram-positive bacterial cell wall [109].
M proteins are undoubtedly critical virulence factors of S. pyogenes, as they protect
the bacterium from being killed by immune cells. It could therefore be speculated that
the positive effects of M proteins on streptococcal virulence outweigh their negative
sides, thereby preventing their potentially harmful pro-inflammatory properties from
being eliminated by evolution.

In paper III, we find that soluble M1 protein triggers a potent T cell response
in a superantigen-like manner. Through interactions with MHC class II, superantigens
can also trigger monocytes to secrete pro-inflammatory cytokines [200] and to up-
regulate TLRs [201], and both observations may contribute to the M1 protein-induced
response reported in paper I. Superantigens are extremely potent pro-inflammatory
mediators, and the benefits of these proteins to bacteria are still unclear. Interestingly,
it has been shown that T cell activation by superantigens is followed by T cell anergy
and depletion [202]. For example, administration of the staphylococcal superantigen
SEB to mice resulted in anergy of T cells and failure to raise antibodies against SEB
as well as other co-injected antigens, suggesting that superantigens may be a way for

the bacterium to inhibit an antibody response via antigen-specific T cells [203]. To
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summarize the pro-inflammatory properties of M1 protein, the following model can
be suggested: During the early phase of infection, neutrophils are recruited to the
infectious site. M1 proteins are shed from the streptococcal surface via neutrophil-
derived proteases, and soluble M1 protein forms aggregates with fibrinogen that
trigger neutrophils to release for example HBP. Next, monocytes infiltrate the
inflamed tissue. Their activation by M1 protein is largely dependent on TLR2, and is
enhanced by the presence of HBP. At a later stage, T cells accumulate at the site of
infection, and M1 protein induces a massive inflammatory reaction by virtue of its
superantigen-properties. The corrupted immune response undermines -efficient
combating of the infection and is of little threat to the streptococcus. In contrast,
inflammation may be beneficial to the bacterium, as it causes vascular leakage that
provides nutrients and facilitates bacterial dissemination.

Blood coagulation is another important arm of the human immune system. In
the present thesis, two different ways of favoring blood clot formation are
demonstrated for the streptococcus; firstly the induction of pro-coagulant activity via
TF up-regulation on monocytes (paper II), and secondly the protection of formed
blood clots via activated TAFI (paper IV). Coagulation enables the immune defense
to wall off invading pathogens and prevent bacterial dissemination, but bacteria may
also utilize the clot as a shield in order to evade immune recognition. Recruitment of
TAFI to the bacterial surface may have a second role in protecting streptococci from
the immune system, as the active enzyme can neutralize inflammatory mediators such
as fibrinopeptides and the chemotactic C5a.

Taken together, the present thesis demonstrates several mechanisms by which
streptococci interact with the immune defense. The findings may help explain why S.

pyogenes is one of the most common and successful human pathogens.
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Conclusions

Soluble M1 protein from Streptococcus pyogenes triggers monocyte

activation via TLR2.

M1 protein induces pro-coagulant activity in human blood via TF

up-regulation on monocytes.

Streptococcal M1 protein induces T cell activation in a

superantigen-like manner.
Streptococcus pyogenes recruits the human plasma protein TAFI to

its surface, where it is activated in the presence of plasmin or

thrombin/thrombomodulin.
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Populédrvetenskaplig sammanfattning

Dagligen utsitts vara kroppar for bakterier och andra mikroorganismer, och
utan det livsviktiga immunforsvaret hade vi snabbt dukat under for svara infektioner.
Immunforsvaret bestdr huvudsakligen av olika sorters vita blodkroppar och kan
indelas i tva grupper; det medfodda och det adaptiva immunsystemet. Det medfédda
immunforsvaret utgdrs av neutrofiler och monocyter, vilka snabbt &r pa plats vid
infektionshdrden och bekdmpar infektionen genom att bokstavligt talat dta upp de
invaderande mikroorganismerna. De utsondrar ocksd en mingd olika inflammatoriska
substanser som i sin tur aktiverar det adaptiva immunforsvaret, bestaende av B och T
lymfocyter. Aktivering av det adaptiva immunforsvaret leder bl.a. till produktion av
antikroppar riktade mot den specifika mikroben. Ironiskt nog kan de substanser som
immunforsvaret utsondrar for att oskadliggéra mikroorganismer dven asamka skador
pa kroppens egna vévnader. I allvarliga fall kan en bakterieinfektion orsaka en
Overaktivering av immunforsvaret, som i sin tur leder till multiorgansvikt, chock och i
viérsta fall doden.

Streptococcus pyogenes @dr en vanligt forekommande bakterie som i forsta
hand orsakar banala infektioner som halsfluss, svinkoppor och rosfeber. I sillsynta
fall kan dock bakterierna bli mycket aggressiva och sprida sig i muskelvivnad och till
blodomloppet. Dessa tillstind kénnetecknas av mycket snabba forlopp och hog
dodlighet, men den bakomliggande orsaken idr fortfarande okénd. Den hir
avhandlingen studerar hur strukturer pé streptokockens yta inverkar pa det ménskliga
immunforsvaret. I delarbete I-III undersoker vi effekterna av streptokockens Ml
protein, ett protein som sedan linge &r kint for att skydda streptokocken frén att
avdodas av det manskliga immunforsvaret. Tidigare var det ocksa visat att M1 protein
far neutrofiler att utsondra HBP, en viktig inflammatorisk substans. I delarbete I
finner vi att M1 protein har forméga att aktivera monocyter sé att dessa frisétter
inflammatoriska cytokiner, och i ndrvaro av HBP forstirks monocytaktiveringen
ytterligare. I delarbete II ser vi att M1 protein dven far monocyter att visa upp
proteinet tissue factor (TF) pa sin yta. TF aktiverar koagulationskaskaden och far
blodet att levra sig snabbare. Vid allvarliga streptokockinfektioner ses ofta en
péverkan pa blodets koagulationsforméga, och resultaten fran delarbete II antyder att
M1 protein bidrar till dessa symptom. I delarbete III studerar vi slutligen effekten av

M1 protein pd T lymfocyter, och finner att streptokockproteinet dstadkommer en
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massiv aktivering av dessa celler. Ytterligare forsok tyder pa att M1 protein fungerar
som ett s.k. superantigen, vilka kinnetecknas av sin forméga att Kkortsluta
immunforsvaret. Istillet for att aktivera de fatal T celler som kénner igen och kan
oskadliggora bakterien, far man en retning av ett stort antal ospecifika T celler. Detta
leder till en kraftig retning av immunsystemet, men svaret dr dysfunktionellt och inte
riktat mot streptokocken.

For att lattare kunna infektera méanniskor har streptokocken foérméga att
anvinda virdens egna system. Genom att ansamla olika ménskliga proteiner pa sin
yta kan bakterien antingen skydda sig frin immunforsvaret eller underlitta spridning i
vivnaden. I delarbete IV finner vi att S. pyogenes binder det ménskliga
plasmaproteinet TAFI till sin yta. TAFI &r ett enzym som i forsta hand hindrar
blodkoagel fran att losas upp, men det kan ocksd paverka immunsvaret genom att
klippa sonder olika inflammatoriska substanser. TAFI tillverkas dock som ett inaktivt
s.k. pro-enzym som forst maste aktiveras for att kunna utfora sina effekter. Intressant
nog finner vi att tvd aktivatorer, trombin och plasmin, kan ansamlas pa
streptokockytan, dir de har forméga att aktivera bakterie-bundet TAFI. Vi spekulerar
i att detta kan ha betydelse for att skydda bakterien mot immunforsvaret genom att
kapsla in bakterien i ett skyddande blodkoagel och genom att ddmpa det
inflammatoriska svaret vid infektionshérden.

Sammantaget demonstrerar avhandlingen olika sitt som streptokocker
utnyttjar for att paverka vart immunforsvar. Fynden kan hjilpa till att forklara varfor
S. pyogenes ir en sa pass vanlig och framgéangsrik sjukdomsframkallande bakterie hos

méanniskor.

32



On the induction of inflammatory reactions by Streptococcus pyogenes

Acknowledgement

I sincerely wish to thank all the people that have contributed to this thesis. I especially

want to acknowledge...

... my supervisor Heiko, for teaching me science, for encouragement, and for coping

with my “super-critical” mentality.

. my co-supervisor Lasse, for your never-ending enthusiasm for research, and for

giving me the opportunity to come to B14.

... my bonus supervisor Anna, for excellent and fruitful long-distant supervision. It

has been a true pleasure working with you!

... past and present members of “team Heiko”: Sara for friendship both in and out of
lab. Maria N for being a great room mate at work, and a fun traveling companion in
Australia. Erik for great help with clotting experiments, and for always being cheerful
and positive. Dorota, the master of insect cell cultures with an amazing ability to
solve every possible cloning problem. Sonja, my new lab-bench neighbor, and last
but not least Monica, for professional help with experiments and evening gown

fittings, and for always being positive and supportive. It has meant a lot to me!

... Anita, whom I cannot thank enough for making all the paper-work run so

smoothly.

... my collaborators at Lund University, Karolinska Institute in Stockholm, Academic
Medical Center in Amsterdam, Humboldt University in Berlin, West Virginia
University School of Medicine in Morgantown, and University of Tennessee in

Memphis.
... all colleagues and friends at BMC B14, for four creative and stimulating years. I

particularly wish to thank Maria B, my No 1 female role model and personal

librarian, Mattias C for generously sharing your knowledge of labwork in general

33



Lisa Pdhlman

and cloning in particular, Fredrik for highly valued friendship at work and in spare
times, and Susanne for being such a warm-hearted friend that never says no to a late

night walk. I hope they will continue!

... the staff at Enheten for Diabetesstudier: Bertil, Margit, Sofia and May for always
being positive and helpful, and for being an important source of blood for my
experiments; and to Mona Landin-Olsson for patiently answering my end-less

questions about glucose and cholesterol values.

.. all members of the Monday club for making Mondays (and many other days of

the week) something to look forward to.

. my family; Mom and Dad for your loving support, Carl for your kindness and
positive attitude to life, and Ebba, my personal trainer, shopping coach, cooking

companion, and best friend.
... and Mats-Ola, my own Mr Darcy with a mighty (?) estate. Thanks for putting up

with all my work-related frustration, and for reminding me that there is more to life

than science. This thesis hadn’t been written without your support!

34



On the induction of inflammatory reactions by Streptococcus pyogenes

References

1

2

10

11

12

13

14

Hoffmann, J. A., Kafatos, F. C., Janeway, C. A. and Ezekowitz, R. A.,
Phylogenetic perspectives in innate immunity. Science 1999. 284: 1313-1318.
Cotran, R. S., Kumar, V., Collins, T. and Robbins, S. L., Robbins
pathologic basis of disease, 6th Edn. Saunders, Philadelphia: 1999.
Borregaard, N. and Cowland, J. B., Granules of the human neutrophilic
polymorphonuclear leukocyte. Blood 1997. 89: 3503-3521.

Faurschou, M. and Borregaard, N., Neutrophil granules and secretory
vesicles in inflammation. Microbes Infect. 2003. 5: 1317-1327.

Tapper, H., Karlsson, A., Morgelin, M., Flodgaard, H. and Herwald, H.,
Secretion of heparin-binding protein from human neutrophils is determined by
its localization in azurophilic granules and secretory vesicles. Blood 2002. 99:
1785-1793.

Almeida, R. P., Melchior, M., Campanelli, D., Nathan, C. and Gabay, J.
E., Complementary DNA sequence of human neutrophil azurocidin, an
antibiotic with extensive homology to serine proteases. Biochem. Biophys.
Res. Commun. 1991. 177: 688-695.

Pohl, J., Pereira, H. A., Martin, N. M. and Spitznagel, J. K., Amino acid
sequence of CAP37, a human neutrophil granule-derived antibacterial and
monocyte-specific chemotactic glycoprotein structurally similar to neutrophil
clastase. FEBS Lett. 1990. 272: 200-204.

Pereira, H. A., Shafer, W. M., Pohl, J., Martin, L. E. and Spitznagel, J.
K., CAP37, a human neutrophil-derived chemotactic factor with monocyte
specific activity. J. Clin. Invest. 1990. 85: 1468-1476.

Doherty, D. E., Nakano, J. and Nakano, K., Neutrophil-derived heparin-
binding protein: a monocyte-specific chemoattractant that induces monocyte
migration into rabbit lungs in vivo. Chest 1999. 116: 34S-35S.

Soehnlein, O., Xie, X., Ulbrich, H., Kenne, E., Rotzius, P., Flodgaard, H.,
Eriksson, E. E. and Lindbom, L., Neutrophil-derived heparin-binding
protein (HBP/CAP37) deposited on endothelium enhances monocyte arrest
under flow conditions. J. Immunol. 2005. 174: 6399-6405.

Ostergaard, E. and Flodgaard, H., A neutrophil-derived proteolytic inactive
elastase homologue (hHBP) mediates reversible contraction of fibroblasts and
endothelial cell monolayers and stimulates monocyte survival and
thrombospondin secretion. J. Leukoc. Biol. 1992. 51: 316-323.

Rasmussen, P. B., Bjorn, S., Hastrup, S., Nielsen, P. F., Norris, K., Thim,
L., Wiberg, F. C. and Flodgaard, H., Characterization of recombinant
human HBP/CAP37/azurocidin, a pleiotropic mediator of inflammation-
enhancing LPS-induced cytokine release from monocytes. FEBS Lett. 1996.
390: 109-112.

Heinzelmann, M., Mercer-Jones, M. A., Flodgaard, H. and Miller, F. N.,
Heparin-binding protein (CAP37) is internalized in monocytes and increases
LPS-induced monocyte activation. J. Immunol. 1998. 160: 5530-5536.

Gabay, J. E., Scott, R. W., Campanelli, D., Griffith, J., Wilde, C., Marra,
M. N., Seeger, M. and Nathan, C. F., Antibiotic proteins of human
polymorphonuclear leukocytes. Proc. Natl. Acad. Sci. U S A 1989. 86: 5610-
5614.

35



Lisa Pdhlman

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

Shafer, W. M., Martin, L. E. and Spitznagel, J. K., Late intraphagosomal
hydrogen ion concentration favors the in vitro antimicrobial capacity of a 37-
kilodalton cationic granule protein of human neutrophil granulocytes. Infect.
Immun. 1986. 53: 651-655.

Linde, V., Bjorn, S., Kastrup, J. S. and Flodgaard, H., Lipopolysaccharide
affinity measurement by scintillation proximity assay: application to human
heparin binding protein. Biotechniques 2000. 28: 218-220, 222.

Gautam, N., Olofsson, A. M., Herwald, H., Iversen, L. F., Lundgren-
Akerlund, E., Hedqpvist, P., Arfors, K. E., Flodgaard, H. and Lindbom, L.,
Heparin-binding protein (HBP/CAP37): a missing link in neutrophil-evoked
alteration of vascular permeability. Nat. Med. 2001. 7: 1123-1127.

Cavaillon, J. M. and Adib-Conquy, M., Monocytes/macrophages and sepsis.
Crit. Care Med. 2005. 33: S506-509.

Gordon, S. and Taylor, P. R., Monocyte and macrophage heterogeneity. Nat.
Rev. Immunol. 2005. 5: 953-964.

AKira, S., Uematsu, S. and Takeuchi, O., Pathogen recognition and innate
immunity. Cell 2006. 124: 783-801.

Hashimoto, C., Hudson, K. L. and Anderson, K. V., The Toll gene of
Drosophila, required for dorsal-ventral embryonic polarity, appears to encode
a transmembrane protein. Cell 1988. 52: 269-279.

Lemaitre, B., Nicolas, E., Michaut, L., Reichhart, J. M. and Hoffmann, J.
A., The dorsoventral regulatory gene cassette spatzle/Toll/cactus controls the
potent antifungal response in Drosophila adults. Cell 1996. 86: 973-983.
Rock, F. L., Hardiman, G., Timans, J. C., Kastelein, R. A. and Bazan, J.
F., A family of human receptors structurally related to Drosophila Toll. Proc.
Natl. Acad. Sci. U S 4 1998. 95: 588-593.

Zarember, K. A. and Godowski, P. J., Tissue expression of human Toll-like
receptors and differential regulation of Toll-like receptor mRNAs in
leukocytes in response to microbes, their products, and cytokines. J. Immunol.
2002. 168: 554-561.

Takeda, K. and Akira, S., Toll-like receptors in innate immunity. Int.
Immunol. 2005. 17: 1-14.

Takeuchi, O., Sato, S., Horiuchi, T., Hoshino, K., Takeda, K., Dong, Z.,
Modlin, R. L. and AKira, S., Cutting edge: role of Toll-like receptor 1 in
mediating immune response to microbial lipoproteins. J. Immunol. 2002. 169:
10-14.

Schwandner, R., Dziarski, R., Wesche, H., Rothe, M. and Kirschning, C.
J., Peptidoglycan- and lipoteichoic acid-induced cell activation is mediated by
toll-like receptor 2. J Biol Chem 1999. 274: 17406-174009.

Brightbill, H. D., Libraty, D. H., Krutzik, S. R., Yang, R. B., Belisle, J. T.,
Bleharski, J. R., Maitland, M., Norgard, M. V., Plevy, S. E., Smale, S. T.,
Brennan, P. J., Bloom, B. R., Godowski, P. J. and Modlin, R. L., Host
defense mechanisms triggered by microbial lipoproteins through toll-like
receptors. Science 1999. 285: 732-736.

Lien, E., Sellati, T. J., Yoshimura, A., Flo, T. H., Rawadi, G., Finberg, R.
W., Carroll, J. D., Espevik, T., Ingalls, R. R., Radolf, J. D. and
Golenbock, D. T., Toll-like receptor 2 functions as a pattern recognition
receptor for diverse bacterial products. J. Biol. Chem. 1999. 274: 33419-
33425.

36



30

31

32

33

34

35

36

37

38

39

40

41

42

43

On the induction of inflammatory reactions by Streptococcus pyogenes

Underhill, D. M., Ozinsky, A., Hajjar, A. M., Stevens, A., Wilson, C. B.,
Bassetti, M. and Aderem, A., The Toll-like receptor 2 is recruited to
macrophage phagosomes and discriminates between pathogens. Nature 1999.
401: 811-815.

Sing, A., Rost, D., Tvardovskaia, N., Roggenkamp, A., Wiedemann, A.,
Kirschning, C. J., Aepfelbacher, M. and Heesemann, J., Yersinia V-antigen
exploits toll-like receptor 2 and CDI14 for interleukin 10-mediated
immunosuppression. J. Exp. Med. 2002. 196: 1017-1024.

Alexopoulou, L., Holt, A. C., Medzhitov, R. and Flavell, R. A., Recognition
of double-stranded RNA and activation of NF-kappaB by Toll-like receptor 3.
Nature 2001. 413: 732-738.

Kariko, K., Ni, H., Capodici, J., Lamphier, M. and Weissman, D., mRNA
is an endogenous ligand for Toll-like receptor 3. J. Biol. Chem. 2004. 279:
12542-12550.

Hoshino, K., Takeuchi, O., Kawai, T., Sanjo, H., Ogawa, T., Takeda, Y.,
Takeda, K. and Akira, S., Cutting edge: Toll-like receptor 4 (TLR4)-
deficient mice are hyporesponsive to lipopolysaccharide: evidence for TLR4
as the Lps gene product. J. Immunol. 1999. 162: 3749-3752.

Poltorak, A., He, X., Smirnova, 1., Liu, M. Y., Van Huffel, C., Du, X,
Birdwell, D., Alejos, E., Silva, M., Galanos, C., Freudenberg, M.,
Ricciardi-Castagnoli, P., Layton, B. and Beutler, B., Defective LPS
signaling in C3H/HeJ and C57BL/10ScCr mice: mutations in Tlr4 gene.
Science 1998. 282: 2085-2088.

Ohashi, K., Burkart, V., Flohe, S. and Kolb, H., Cutting edge: heat shock
protein 60 is a putative endogenous ligand of the toll-like receptor-4 complex.
J. Immunol. 2000. 164: 558-561.

Vabulas, R. M., Ahmad-Nejad, P., Ghose, S., Kirschning, C. J., Issels, R.
D. and Wagner, H., HSP70 as endogenous stimulus of the Toll/interleukin-1
receptor signal pathway. J. Biol. Chem. 2002. 277: 15107-15112.

Smiley, S. T., King, J. A. and Hancock, W. W., Fibrinogen stimulates
macrophage chemokine secretion through toll-like receptor 4. J. Immunol.
2001. 167: 2887-2894.

Okamura, Y., Watari, M., Jerud, E. S., Young, D. W., Ishizaka, S. T.,
Rose, J., Chow, J. C. and Strauss, J. F., 3rd, The extra domain A of
fibronectin activates Toll-like receptor 4. J. Biol. Chem. 2001. 276: 10229-
10233.

Hayashi, F., Smith, K. D., Ozinsky, A., Hawn, T. R., Yi, E. C., Goodlett,
D. R., Eng, J. K., Akira, S., Underhill, D. M. and Aderem, A., The innate
immune response to bacterial flagellin is mediated by Toll-like receptor 5.
Nature 2001. 410: 1099-1103.

Takeuchi, O., Kawai, T., Muhlradt, P. F., Morr, M., Radolf, J. D.,
Zychlinsky, A., Takeda, K. and Akira, S., Discrimination of bacterial
lipoproteins by Toll-like receptor 6. Int. Immunol. 2001. 13: 933-940.
Diebold, S. S., Kaisho, T., Hemmi, H., Akira, S. and Reis e Sousa, C.,
Innate antiviral responses by means of TLR7-mediated recognition of single-
stranded RNA. Science 2004. 303: 1529-1531.

Heil, F., Hemmi, H., Hochrein, H., Ampenberger, F., Kirschning, C.,
Akira, S., Lipford, G., Wagner, H. and Bauer, S., Species-specific
recognition of single-stranded RNA via toll-like receptor 7 and 8. Science
2004. 303: 1526-1529.

37



Lisa Pdhlman

44

45

46

47

48

49

50

51

52

53

54

55

56

57

Hemmi, H., Takeuchi, O., Kawai, T., Kaisho, T., Sato, S., Sanjo, H.,
Matsumoto, M., Hoshino, K., Wagner, H., Takeda, K. and Akira, S., A
Toll-like receptor recognizes bacterial DNA. Nature 2000. 408: 740-745.
Boule, M. W., Broughton, C., Mackay, F., Akira, S., Marshak-Rothstein,
A. and Rifkin, I. R., Toll-like receptor 9-dependent and -independent
dendritic cell activation by chromatin-immunoglobulin G complexes. J. Exp.
Med. 2004. 199: 1631-1640.

da Silva Correia, J., Soldau, K., Christen, U., Tobias, P. S. and Ulevitch,
R. J., Lipopolysaccharide is in close proximity to each of the proteins in its
membrane receptor complex. transfer from CD14 to TLR4 and MD-2. J. Biol.
Chem. 2001. 276: 21129-21135.

Gantner, B. N., Simmons, R. M., Canavera, S. J., Akira, S. and Underhill,
D. M., Collaborative induction of inflammatory responses by dectin-1 and
Toll-like receptor 2. J. Exp. Med. 2003.197: 1107-1117.

Ozinsky, A., Underhill, D. M., Fontenot, J. D., Hajjar, A. M., Smith, K.
D., Wilson, C. B., Schroeder, L. and Aderem, A., The repertoire for pattern
recognition of pathogens by the innate immune system is defined by
cooperation between toll-like receptors. Proc. Natl. Acad. Sci. U S 4 2000. 97:
13766-13771.

Fischer, H., Yamamoto, M., Akira, S., Beutler, B. and Svanborg, C.,
Mechanism of pathogen-specific TLR4 activation in the mucosa: fimbriae,
recognition receptors and adaptor protein selection. Eur. J. Immunol. 2006. 36:
267-271.

Martinon, F. and Tschopp, J., NLRs join TLRs as innate sensors of
pathogens. Trends Immunol. 2005. 26: 447-454.

Chamaillard, M., Hashimoto, M., Horie, Y., Masumoto, J., Qiu, S., Saab,
L., Ogura, Y., Kawasaki, A., Fukase, K., Kusumoto, S., Valvano, M. A.,
Foster, S. J., Mak, T. W., Nunez, G. and Inohara, N., An essential role for
NODI in host recognition of Dbacterial peptidoglycan containing
diaminopimelic acid. Nat. Immunol. 2003. 4: 702-707.

Girardin, S. E., Boneca, 1. G., Viala, J., Chamaillard, M., Labigne, A.,
Thomas, G., Philpott, D. J. and Sansonetti, P. J., Nod2 is a general sensor
of peptidoglycan through muramyl dipeptide (MDP) detection. J. Biol. Chem.
2003. 278: 8869-8872.

Strober, W., Murray, P. J., Kitani, A. and Watanabe, T., Signalling
pathways and molecular interactions of NOD1 and NOD2. Nat. Rev. Immunol.
2006. 6: 9-20.

Meylan, E., Tschopp, J. and Karin, M., Intracellular pattern recognition
receptors in the host response. Nature 2006. 442: 39-44.

Creagh, E. M. and O'Neill, L. A., TLRs, NLRs and RLRs: a trinity of
pathogen sensors that co-operate in innate immunity. 7rends Immunol. 2006.
27:352-357.

Yoneyama, M., Kikuchi, M., Natsukawa, T., Shinobu, N., Imaizumi, T.,
Miyagishi, M., Taira, K., AKira, S. and Fujita, T., The RNA helicase RIG-I
has an essential function in double-stranded RNA-induced innate antiviral
responses. Nat. Immunol. 2004. 5: 730-737.

Kato, H., Sato, S., Yoneyama, M., Yamamoto, M., Uematsu, S., Matsui,
K., Tsujimura, T., Takeda, K., Fujita, T., Takeuchi, O. and AKira, S., Cell
type-specific involvement of RIG-I in antiviral response. Immunity 2005. 23:
19-28.

38



58

59

60

61

62

63

64

65

66

67

68

69

70

71
72

73

74

75

76

77

On the induction of inflammatory reactions by Streptococcus pyogenes

Alberts, B., Molecular biology of the cell, 4th Edn. Garland Science, New
York: 2002.

Glik, A. and Douvdevani, A., T lymphocytes: the "cellular" arm of acquired
immunity in the peritoneum. Perit. Dial. Int. 2006. 26: 438-448.

Davis, M. M., T cell receptor gene diversity and selection. Annu. Rev.
Biochem. 1990. 59: 475-496.

Bommbhardt, U., Beyer, M., Hiinig, T. and Reichardt, H. M., Molecular
and cellular mechanisms of T cell development. Cell. Mol. Life. Sci. 2004. 61:
263-280.

Santana, M. A. and Esquivel-Guadarrama, F., Cell biology of T cell
activation and differentiation. /nt. Rev. Cytol. 2006. 250: 217-274.

Spellberg, B. and Edwards, J. E., Jr., Type 1/Type 2 immunity in infectious
diseases. Clin. Infect. Dis. 2001. 32: 76-102.

Kapsenberg, M. L., Dendritic-cell control of pathogen-driven T-cell
polarization. Nat. Rev. Immunol. 2003. 3: 984-993.

Wong, P. and Pamer, E. G., CD8 T cell responses to infectious pathogens.
Annu. Rev. Immunol. 2003. 21: 29-70.

Roozendaal, R. and Carroll, M. C., Emerging patterns in complement-
mediated pathogen recognition. Cell 2006. 125: 29-32.

Jung, D. and Alt, F. W., Unraveling V(D)J recombination; insights into gene
regulation. Cell 2004. 116: 299-311.

Maizels, N., Immunoglobulin gene diversification. Annu Rev Genet 2005. 39:
23-46.

Calame, K., Transcription factors that regulate memory in humoral responses.
Immunol Rev 2006. 211: 269-279.

Wilcox, J. N., Smith, K. M., Schwartz, S. M. and Gordon, D., Localization
of tissue factor in the normal vessel wall and in the atherosclerotic plaque.
Proc. Natl. Acad. Sci. U S A 1989. 86: 2839-2843.

Dahlbiick, B., Blood coagulation. Lancet 2000. 355: 1627-1632.

Meszaros, K., Aberle, S., Dedrick, R., Machovich, R., Horwitz, A., Birr,
C., Theofan, G. and Parent, J. B., Monocyte tissue factor induction by
lipopolysaccharide (LPS): dependence on LPS-binding protein and CD14, and
inhibition by a recombinant fragment of bactericidal/permeability-increasing
protein. Blood 1994. 83: 2516-2525.

Mattsson, E., Hartung, T., Morath, S. and Egesten, A., Highly purified
lipoteichoic acid from Staphylococcus aureus induces procoagulant activity
and tissue factor expression in human monocytes but is a weak inducer in
whole blood: comparison with peptidoglycan. Infect. Immun. 2004. 72: 4322-
4326.

Mattsson, E., Herwald, H., Bjorck, L. and Egesten, A., Peptidoglycan from
Staphylococcus aureus induces tissue factor expression and procoagulant
activity in human monocytes. Infect. Immun. 2002. 70: 3033-3039.

Mattsson, E., Herwald, H. and Egesten, A., Superantigens from
Staphylococcus aureus induce procoagulant activity and monocyte tissue
factor expression in whole blood and mononuclear cells via IL-1 beta. J.
Thromb. Haemost. 2003. 1: 2569-2576.

Osterud, B. and Bjerklid, E., Sources of tissue factor. Semin. Thromb.
Hemost. 2006. 32: 11-23.

Maugeri, N., de Gaetano, G., Carbone, A., Donati, M. B. and Cerletti, C.,
More on: tissue factor in neutrophils. J. Thromb. Haemost. 2005. 3: 1114.

39



Lisa Pdhlman

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

Zeerleder, S., Hack, C. E. and Wauillemin, W. A., Disseminated
intravascular coagulation in sepsis. Chest 2005. 128: 2864-2875.

Chu, A. J., Tissue factor mediates inflammation. Arch. Biochem. Biophys.
2005. 440: 123-132.

Pawlinski, R., Pedersen, B., Schabbauer, G., Tencati, M., Holscher, T.,
Boisvert, W., Andrade-Gordon, P., Frank, R. D. and Mackman, N., Role
of tissue factor and protease-activated receptors in a mouse model of
endotoxemia. Blood 2004. 103: 1342-1347.

Xu, H., Ploplis, V. and Castellino, F., A coagulation factor VII deficiency
protects against acute inflammatory responses in mice. J. Pathol. 2006. 210:
488-496.

Bernard, G. R., Vincent, J. L., Laterre, P. F., LaRosa, S. P., Dhainaut, J.
F., Lopez-Rodriguez, A., Steingrub, J. S., Garber, G. E., Helterbrand, J.
D., Ely, E. W. and Fisher, C. J., Jr., Efficacy and safety of recombinant
human activated protein C for severe sepsis. N. Engl. J. Med. 2001. 344: 699-
709.

Kitchens, C. S., The contact system. Arch. Pathol. Lab. Med. 2002. 126:
1382-1386.

Joseph, K. and Kaplan, A. P., Formation of bradykinin: a major contributor
to the innate inflammatory response. Adv. Immunol. 2005. 86: 159-208.

Ben Nasr, A., Herwald, H., Sjobring, U., Renné, T., Miiller-Esterl, W. and
Bjorck, L., Absorption of kininogen from human plasma by Streptococcus
pyogenes is followed by the release of bradykinin. Biochem. J. 1997. 326 ( Pt
3): 657-660.

Herwald, H., Mérgelin, M., Olsén, A., Rhen, M., Dahlbick, B., Miiller-
Esterl, W. and Bjorck, L., Activation of the contact-phase system on
bacterial surfaces--a clue to serious complications in infectious diseases. Nat.
Med. 1998. 4: 298-302.

Mattsson, E., Herwald, H., Cramer, H., Persson, K., Sjobring, U. and
Bjorck, L., Staphylococcus aureus induces release of bradykinin in human
plasma. Infect. Immun. 2001. 69: 3877-3882.

Sriskandan, S., Kemball-Cook, G., Moyes, D., Canvin, J., Tuddenham, E.
and Cohen, J., Contact activation in shock caused by invasive group A
Streptococcus pyogenes. Crit. Care Med. 2000. 28: 3684-3691.

Colman, R. W. and Schmaier, A. H., Contact system: a vascular biology
modulator ~ with  anticoagulant, profibrinolytic, antiadhesive, and
proinflammatory attributes. Blood 1997. 90: 3819-3843.

Pixley, R. A., De La Cadena, R., Page, J. D., Kaufman, N., Wyshock, E.
G., Chang, A., Taylor, F. B., Jr. and Colman, R. W., The contact system
contributes to hypotension but not disseminated intravascular coagulation in
lethal bacteremia. In vivo use of a monoclonal anti-factor XII antibody to
block contact activation in baboons. J. Clin. Invest. 1993. 91: 61-68.
Cesarman-Maus, G. and Hajjar, K. A., Molecular mechanisms of
fibrinolysis. Br. J. Haematol. 2005. 129: 307-321.

Marx, P. F., Bouma, B. N. and Meijers, J. C., Role of zinc ions in activation
and inactivation of thrombin-activatable fibrinolysis inhibitor. Biochemistry
2002. 41: 1211-1216.

Bouma, B. N. and Meijers, J. C., Thrombin-activatable fibrinolysis inhibitor
(TAFI, plasma procarboxypeptidase B, procarboxypeptidase R,
procarboxypeptidase U). J. Thromb. Haemost. 2003. 1: 1566-1574.

40



94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

On the induction of inflammatory reactions by Streptococcus pyogenes

Marx, P. F., Hackeng, T. M., Dawson, P. E., Griffin, J. H., Meijers, J. C.
and Bouma, B. N., Inactivation of active thrombin-activable fibrinolysis
inhibitor takes place by a process that involves conformational instability
rather than proteolytic cleavage. J. Biol. Chem. 2000. 275: 12410-12415.
Bajzar, L., Morser, J. and Nesheim, M., TAFI, or plasma
procarboxypeptidase B, couples the coagulation and fibrinolytic cascades
through the thrombin-thrombomodulin complex. J. Biol. Chem. 1996. 271:
16603-16608.

Kawamura, T., Okada, N. and Okada, H., Elastase from activated human
neutrophils activates procarboxypeptidase R. Microbiol. Immunol. 2002. 46:
225-230.

Marx, P. F., Dawson, P. E., Bouma, B. N. and Meijers, J. C., Plasmin-
mediated activation and inactivation of thrombin-activatable fibrinolysis
inhibitor. Biochemistry 2002. 41: 6688-6696.

Eaton, D. L., Malloy, B. E., Tsai, S. P., Henzel, W. and Drayna, D.,
Isolation, molecular cloning, and partial characterization of a novel
carboxypeptidase B from human plasma. J. Biol. Chem. 1991. 266: 21833-
21838.

te Velde, E. A., Wagenaar, G. T., Reijerkerk, A., Roose-Girma, M., Borel
Rinkes, 1. H., Voest, E. E., Bouma, B. N., Gebbink, M. F. and Meijers, J.
C., Impaired healing of cutaneous wounds and colonic anastomoses in mice
lacking thrombin-activatable fibrinolysis inhibitor. J. Thromb. Haemost. 2003.
1: 2087-2096.

Renckens, R., Roelofs, J. J., ter Horst, S. A., van 't Veer, C., Havik, S. R.,
Florquin, S., Wagenaar, G. T., Meijers, J. C. and van der Poll, T.,
Absence of thrombin-activatable fibrinolysis inhibitor protects against sepsis-
induced liver injury in mice. J. Immunol. 2005. 175: 6764-6771.

Asai, S., Sato, T., Tada, T., Miyamoto, T., Kimbara, N., Motoyama, N.,
Okada, H. and Okada, N., Absence of procarboxypeptidase R induces
complement-mediated lethal inflammation in lipopolysaccharide-primed mice.
J. Immunol. 2004. 173: 4669-4674.

Murray, P. R., Rosenthal, K. S. and Pfaller, M. A., Medical microbiology,
5th Edn. Elsevier Mosby, Philadelphia: 2005.

Cunningham, M. W., Pathogenesis of group A streptococcal infections. Clin.
Microbiol. Rev. 2000. 13: 470-511.

Stevens, D. L., Group A Streptococcal Sepsis. Curr. Infect. Dis. Rep. 2003. 5:
379-386.

Simonart, T., Group a beta-haemolytic streptococcal necrotising fasciitis:
early diagnosis and clinical features. Dermatology 2004. 208: 5-9.

Carapetis, J. R., Steer, A. C., Mulholland, E. K. and Weber, M., The
global burden of group A streptococcal diseases. Lancet Infect. Dis. 2005. 5:
685-694.

Beachey, E. H. and Simpson, W. A., The adherence of group A streptococci
to oropharyngeal cells: the lipoteichoic acid adhesin and fibronectin receptor.
Infection 1982.10: 107-111.

Ofek, 1., Beachey, E. H., Jefferson, W. and Campbell, G. L., Cell
membrane-binding properties of group A streptococcal lipoteichoic acid. J.
Exp. Med. 1975. 141: 990-1003.

41



Lisa Pdhlman

109

110

111

112

113

114

115

116

117

118

119

120

121

122

Schwandner, R., Dziarski, R., Wesche, H., Rothe, M. and Kirschning, C.
J., Peptidoglycan- and lipoteichoic acid-induced cell activation is mediated by
toll-like receptor 2. J. Biol. Chem. 1999. 274: 17406-17409.

Wessels, M. R. and Bronze, M. S., Critical role of the group A streptococcal
capsule in pharyngeal colonization and infection in mice. Proc. Natl. Acad.
Sci. US 41994. 91: 12238-12242.

Schrager, H. M., Alberti, S., Cywes, C., Dougherty, G. J. and Wessels, M.
R., Hyaluronic acid capsule modulates M protein-mediated adherence and acts
as a ligand for attachment of group A Streptococcus to CD44 on human
keratinocytes. J. Clin. Invest. 1998. 101: 1708-1716.

Ashbaugh, C. D., Moser, T. J., Shearer, M. H., White, G. L., Kennedy, R.
C. and Wessels, M. R., Bacterial determinants of persistent throat
colonization and the associated immune response in a primate model of human
group A streptococcal pharyngeal infection. Cell. Microbiol. 2000. 2: 283-292.
Johnson, D. R., Stevens, D. L. and Kaplan, E. L., Epidemiologic analysis of
group A streptococcal serotypes associated with severe systemic infections,
rheumatic fever, or uncomplicated pharyngitis. J. Infect. Dis. 1992. 166: 374-
382.

Lancefield, R. C., Current problems in studies of streptococci. J. Gen.
Microbiol. 1969. 55: 161-163.

Phillips, G. N., Jr., Flicker, P. F., Cohen, C., Manjula, B. N. and Fischetti,
V. A., Streptococcal M protein: alpha-helical coiled-coil structure and
arrangement on the cell surface. Proc. Natl. Acad. Sci. U S A 1981. 78: 4689-
4693.

Fischetti, V. A., Streptococcal M protein: molecular design and biological
behavior. Clin. Microbiol. Rev. 1989. 2: 285-314.

Fischetti, V. A., Pancholi, V. and Schneewind, O., Conservation of a
hexapeptide sequence in the anchor region of surface proteins from gram-
positive cocci. Mol. Microbiol. 1990. 4: 1603-1605.

Caparon, M. G., Geist, R. T., Perez-Casal, J. and Scott, J. R.,
Environmental regulation of virulence in group A streptococci: transcription
of the gene encoding M protein is stimulated by carbon dioxide. J. Bacteriol.
1992. 174: 5693-5701.

Virtaneva, K., Porcella, S. F., Graham, M. R, Ireland, R. M., Johnson, C.
A., Ricklefs, S. M., Babar, 1., Parkins, L. D., Romero, R. A., Corn, G. J.,
Gardner, D. J., Bailey, J. R., Parnell, M. J. and Musser, J. M.,
Longitudinal analysis of the group A Streptococcus transcriptome in
experimental pharyngitis in cynomolgus macaques. Proc. Natl. Acad. Sci. U S
A 2005.102: 9014-9019.

Kantor, F. S., Fibrinogen Precipitation by Streptococcal M Protein. I. Identity
of the Reactants, and Stoichiometry of the Reaction. J. Exp. Med. 1965. 121:
849-859.

Schmidt, K. H., Mann, K., Cooney, J. and Kéhler, W., Multiple binding of
type 3 streptococcal M protein to human fibrinogen, albumin and fibronectin.
FEMS Immunol. Med. Microbiol. 1993. 7: 135-143.

Akesson, P., Schmidt, K. H., Cooney, J. and Bjorck, L., M1 protein and
protein H: IgGFc- and albumin-binding streptococcal surface proteins encoded
by adjacent genes. Biochem. J. 1994. 300 ( Pt 3): 877-886.

4



123

124

125

126

127

128

129

130

131

132

133

134

135

136

On the induction of inflammatory reactions by Streptococcus pyogenes

Ben Nasr, A. B., Herwald, H., Miiller-Esterl, W. and Bjorck, L., Human
kininogens interact with M protein, a bacterial surface protein and virulence
determinant. Biochem. J. 1995. 305 ( Pt 1): 173-180.

Horstmann, R. D., Sievertsen, H. J., Knobloch, J. and Fischetti, V. A.,
Antiphagocytic activity of streptococcal M protein: selective binding of
complement control protein factor H. Proc. Natl. Acad. Sci. U S A 1988. 85:
1657-1661.

Johnsson, E., Berggird, K., Kotarsky, H., Hellwage, J., Zipfel, P. F.,
Sjobring, U. and Lindahl, G., Role of the hypervariable region in
streptococcal M proteins: binding of a human complement inhibitor. J.
Immunol. 1998. 161: 4894-4901.

Johnsson, E., Thern, A., Dahlbick, B., Hedén, L. O., Wikstrom, M. and
Lindahl, G., A highly variable region in members of the streptococcal M
protein family binds the human complement regulator C4BP. J. Immunol.
1996. 157: 3021-3029.

Schmidt, K. H., Gunther, E. and Courtney, H. S., Expression of both M
protein and hyaluronic acid capsule by group A streptococcal strains results in
a high virulence for chicken embryos. Med. Microbiol. Immunol. (Berl.) 1996.
184: 169-173.

Courtney, H. S., Liu, S., Dale, J. B. and Hasty, D. L., Conversion of M
serotype 24 of Streptococcus pyogenes to M serotypes 5 and 18: effect on
resistance to phagocytosis and adhesion to host cells. Infect. Immun. 1997. 65:
2472-2474.

Whitnack, E. and Beachey, E. H., Antiopsonic activity of fibrinogen bound
to M protein on the surface of group A streptococci. J. Clin. Invest. 1982. 69:
1042-1045.

Carlsson, F., Sandin, C. and Lindahl, G., Human fibrinogen bound to
Streptococcus pyogenes M protein inhibits complement deposition via the
classical pathway. Mol. Microbiol. 2005. 56: 28-39.

Whitnack, E. and Beachey, E. H., Inhibition of complement-mediated
opsonization and phagocytosis of Streptococcus pyogenes by D fragments of
fibrinogen and fibrin bound to cell surface M protein. J. Exp. Med. 1985. 162:
1983-1997.

Berggard, K., Johnsson, E., Morfeldt, E., Persson, J., Stalhammar-
Carlemalm, M. and Lindahl, G., Binding of human C4BP to the
hypervariable region of M protein: a molecular mechanism of phagocytosis
resistance in Streptococcus pyogenes. Mol. Microbiol. 2001. 42: 539-551.
Medina, E., Goldmann, O., Toppel, A. W. and Chhatwal, G. S., Survival of
Streptococcus pyogenes within host phagocytic cells: a pathogenic mechanism
for persistence and systemic invasion. J. Infect. Dis. 2003. 187: 597-603.
Thulin, P., Johansson, L., Low, D. E., Gan, B. S., Kotb, M., McGeer, A.
and Norrby-Teglund, A., Viable Group A Streptococci in Macrophages
during Acute Soft Tissue Infection. PLoS Med. 2006. 3: e53.

Staali, L., Morgelin, M., Bjorck, L. and Tapper, H., Streptococcus
pyogenes expressing M and M-like surface proteins are phagocytosed but
survive inside human neutrophils. Cell. Microbiol. 2003. 5: 253-265.

Okada, N., Liszewski, M. K., Atkinson, J. P. and Caparon, M., Membrane
cofactor protein (CD46) is a keratinocyte receptor for the M protein of the
group A streptococcus. Proc. Natl. Acad. Sci. U S 4 1995. 92: 2489-2493.

43



Lisa Pdhlman

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

Courtney, H. S., von Hunolstein, C., Dale, J. B., Bronze, M. S., Beachey,
E. H. and Hasty, D. L., Lipoteichoic acid and M protein: dual adhesins of
group A streptococci. Microb. Pathog. 1992. 12: 199-208.

Dombek, P. E., Cue, D., Sedgewick, J., Lam, H., Ruschkowski, S., Finlay,
B. B. and Cleary, P. P., High-frequency intracellular invasion of epithelial
cells by serotype M1 group A streptococci: M1 protein-mediated invasion and
cytoskeletal rearrangements. Mol. Microbiol. 1999. 31: 859-870.

Dinkla, K., Rohde, M., Jansen, W. T., Kaplan, E. L., Chhatwal, G. S. and
Talay, S. R., Rheumatic fever-associated Streptococcus pyogenes isolates
aggregate collagen. J. Clin. Invest. 2003. 111: 1905-1912.

Dale, J. B. and Beachey, E. H., Sequence of myosin-crossreactive epitopes of
streptococcal M protein. J. Exp. Med. 1986. 164: 1785-1790.

Berge, A. and Bjorck, L., Streptococcal cysteine proteinase releases
biologically active fragments of streptococcal surface proteins. J. Biol. Chem.
1995. 270: 9862-9867.

Herwald, H., Cramer, H., Morgelin, M., Russell, W., Sollenberg, U.,
Norrby-Teglund, A., Flodgaard, H., Lindbom, L. and Bjorck, L., M
protein, a classical bacterial virulence determinant, forms complexes with
fibrinogen that induce vascular leakage. Cell 2004. 116: 367-379.

Courtney, H. S., Hasty, D. L. and Dale, J. B., Anti-phagocytic mechanisms
of Streptococcus pyogenes: binding of fibrinogen to M-related protein. Mol.
Microbiol. 2006. 59: 936-947.

Ji, Y., Schnitzler, N., DeMaster, E. and Cleary, P., Impact of M49, Mrp,
Enn, and C5a peptidase proteins on colonization of the mouse oral mucosa by
Streptococcus pyogenes. Infect. Immun. 1998. 66: 5399-5405.

Frick, I. M., Crossin, K. L., Edelman, G. M. and Bjorck, L., Protein H--a
bacterial surface protein with affinity for both immunoglobulin and fibronectin
type III domains. Embo J. 1995. 14: 1674-1679.

Xu, Y., Keene, D. R., Bujnicki, J. M., Hook, M. and Lukomski, S.,
Streptococcal Scll and Scl2 proteins form collagen-like triple helices. J. Biol.
Chem. 2002. 277: 27312-27318.

Rasmussen, M., Edén, A. and Bjorck, L., SclA, a novel collagen-like
surface protein of Streptococcus pyogenes. Infect. Immun. 2000. 68: 6370-
6377.

Rasmussen, M. and Bjorck, L., Unique regulation of ScIB - a novel
collagen-like surface protein of Streptococcus pyogenes. Mol. Microbiol.
2001. 40: 1427-1438.

Lukomski, S., Nakashima, K., Abdi, I., Cipriano, V. J., Ireland, R. M.,
Reid, S. D., Adams, G. G. and Musser, J. M., Identification and
characterization of the scl gene encoding a group A Streptococcus
extracellular protein virulence factor with similarity to human collagen. Infect.
Immun. 2000. 68: 6542-6553.

Han, R., Caswell, C. C., Lukomska, E., Keene, D. R., Pawlowski, M.,
Bujnicki, J. M., Kim, J. K. and Lukomski, S., Binding of the low-density
lipoprotein by streptococcal collagen-like protein Scll of Streptococcus
pyogenes. Mol. Microbiol. 2006. 61: 351-367.

Humtsoe, J. O., Kim, J. K., Xu, Y., Keene, D. R., Ho6k, M., Lukomski, S.
and Wary, K. K., A streptococcal collagen-like protein interacts with the
alpha2betal integrin and induces intracellular signaling. J. Biol. Chem. 2005.
280: 13848-13857.

44



152

153

154

155

156

157

158

159

160

161

162

163

164

165

On the induction of inflammatory reactions by Streptococcus pyogenes

Berge, A. and Sjobring, U., PAM, a novel plasminogen-binding protein from
Streptococcus pyogenes. J. Biol. Chem. 1993. 268: 25417-25424.

Wang, H., Lottenberg, R. and Boyle, M. D., A role for fibrinogen in the
streptokinase-dependent acquisition of plasmin(ogen) by group A streptococci.
J. Infect. Dis. 1995. 171: 85-92.

Pancholi, V. and Fischetti, V. A., alpha-enolase, a novel strong
plasmin(ogen) binding protein on the surface of pathogenic streptococci. J.
Biol. Chem. 1998. 273: 14503-14515.

Broder, C. C., Lottenberg, R., von Mering, G. O., Johnston, K. H. and
Boyle, M. D., Isolation of a prokaryotic plasmin receptor. Relationship to a
plasminogen activator produced by the same micro-organism. J. Biol. Chem.
1991. 266: 4922-4928.

Sun, H., Ringdahl, U., Homeister, J. W., Fay, W. P., Engleberg, N. C.,
Yang, A. Y., Rozek, L. S., Wang, X., Sjobring, U. and Ginsburg, D.,
Plasminogen is a critical host pathogenicity factor for group A streptococcal
infection. Science 2004. 305: 1283-1286.

Khil, J., Im, M., Heath, A., Ringdahl, U., Mundada, L., Cary Engleberg,
N. and Fay, W. P., Plasminogen enhances virulence of group A streptococci
by streptokinase-dependent and streptokinase-independent mechanisms. J.
Infect. Dis. 2003. 188: 497-505.

Talay, S. R., Valentin-Weigand, P., Jerlstrom, P. G., Timmis, K. N. and
Chhatwal, G. S., Fibronectin-binding protein of Streptococcus pyogenes:
sequence of the binding domain involved in adherence of streptococci to
epithelial cells. Infect. Immun. 1992. 60: 3837-3844.

Hanski, E. and Caparon, M., Protein F, a fibronectin-binding protein, is an
adhesin of the group A streptococcus Streptococcus pyogenes. Proc. Natl.
Acad. Sci. US A 1992. 89: 6172-6176.

Rakonjac, J. V., Robbins, J. C. and Fischetti, V. A., DNA sequence of the
serum opacity factor of group A streptococci: identification of a fibronectin-
binding repeat domain. Infect. Immun. 1995. 63: 622-631.

Pancholi, V. and Fischetti, V. A., A major surface protein on group A
streptococci is a glyceraldehyde-3-phosphate-dehydrogenase with multiple
binding activity. J. Exp. Med. 1992. 176: 415-426.

Abraham, S. N., Beachey, E. H. and Simpson, W. A., Adherence of
streptococcus pyogenes, Escherichia coli, and Pseudomonas aeruginosa to
fibronectin-coated and uncoated epithelial cells. Infect. Immun. 1983. 41:
1261-1268.

Cue, D., Southern, S. O., Southern, P. J., Prabhakar, J., Lorelli, W.,
Smallheer, J. M., Mousa, S. A. and Cleary, P. P., A nonpeptide integrin
antagonist can inhibit epithelial cell ingestion of Streptococcus pyogenes by
blocking formation of integrin alpha Sbeta 1-fibronectin-M1 protein
complexes. Proc. Natl. Acad. Sci. U S A 2000. 97: 2858-2863.

Talay, S. R., Zock, A., Rohde, M., Molinari, G., Oggioni, M., Pozzi, G.,
Guzman, C. A. and Chhatwal, G. S., Co-operative binding of human
fibronectin to Sfbl protein triggers streptococcal invasion into respiratory
epithelial cells. Cell. Microbiol. 2000. 2: 521-535.

Neeman, R., Keller, N., Barzilai, A., Korenman, Z. and Sela, S., Prevalence
of internalisation-associated gene, prtFl, among persisting group-A
streptococcus strains isolated from asymptomatic carriers. Lancet 1998. 352:
1974-1977.

45



Lisa Pdhlman

166

167

168

169

170

171

172

173

174

175

176

177

178

179

Terao, Y., Kawabata, S., Kunitomo, E., Murakami, J., Nakagawa, 1. and
Hamada, S., Fba, a novel fibronectin-binding protein from Streptococcus
pyogenes, promotes bacterial entry into epithelial cells, and the fba gene is
positively transcribed under the Mga regulator. Mol. Microbiol. 2001. 42: 75-
86.

Terao, Y., Kawabata, S., Nakata, M., Nakagawa, 1. and Hamada, S.,
Molecular characterization of a novel fibronectin-binding protein of
Streptococcus pyogenes strains isolated from toxic shock-like syndrome
patients. J. Biol. Chem. 2002. 277: 47428-47435.

Nyberg, P., Sakai, T., Cho, K. H., Caparon, M. G., Fissler, R. and Bjorck,
L., Interactions with fibronectin attenuate the virulence of Streptococcus
pyogenes. Embo J. 2004. 23: 2166-2174.

Wexler, D. E., Chenoweth, D. E. and Cleary, P. P., Mechanism of action of
the group A streptococcal C5a inactivator. Proc. Natl. Acad. Sci. U S A 1985.
82: 8144-8148.

Ji, Y., McLandsborough, L., Kondagunta, A. and Cleary, P. P., C5a
peptidase alters clearance and trafficking of group A streptococci by infected
mice. Infect. Immun. 1996. 64: 503-510.

Marrack, P. and Kappler, J., The staphylococcal enterotoxins and their
relatives. Science 1990. 248: 705-711.

Sriskandan, S., Faulkner, L. and Hopkins, P., Streptococcus pyogenes:
Insight into the function of the streptococcal superantigens. Int. J. Biochem.
Cell. Biol. 2007. 39: 12-19.

Tomai, M., Kotb, M., Majumdar, G. and Beachey, E. H., Superantigenicity
of streptococcal M protein. J. Exp. Med. 1990. 172: 359-362.
Watanabe-Ohnishi, R., Aelion, J., LeGros, L., Tomai, M. A., Sokurenko,
E. V., Newton, D., Takahara, J., Irino, S., Rashed, S. and Kotb, M.,
Characterization of unique human TCR V beta specificities for a family of
streptococcal superantigens represented by rheumatogenic serotypes of M
protein. J. Immunol. 1994. 152: 2066-2073.

Degnan, B., Taylor, J., Hawkes, C., O'Shea, U., Smith, J., Robinson, J. H.,
Kehoe, M. A., Boylston, A. and Goodacre, J. A., Streptococcus pyogenes
type 5 M protein is an antigen, not a superantigen, for human T cells. Hum.
Immunol. 1997. 53: 206-215.

Talkington, D. F., Schwartz, B., Black, C. M., Todd, J. K., Elliott, J.,
Breiman, R. F. and Facklam, R. R., Association of phenotypic and
genotypic characteristics of invasive Streptococcus pyogenes isolates with
clinical components of streptococcal toxic shock syndrome. Infect. Immun.
1993. 61: 3369-3374.

Musser, J. M., Hauser, A. R., Kim, M. H., Schlievert, P. M., Nelson, K.
and Selander, R. K., Streptococcus pyogenes causing toxic-shock-like
syndrome and other invasive diseases: clonal diversity and pyrogenic exotoxin
expression. Proc. Natl. Acad. Sci. US A 1991. 88: 2668-2672.

Stevens, D. L., Tanner, M. H., Winship, J., Swarts, R., Ries, K. M.,
Schlievert, P. M. and Kaplan, E., Severe group A streptococcal infections
associated with a toxic shock-like syndrome and scarlet fever toxin A. M.
Engl. J. Med. 1989. 321: 1-7.

Basma, H., Norrby-Teglund, A., Guedez, Y., McGeer, A., Low, D. E., El-
Ahmedy, O., Schwartz, B. and Kotb, M., Risk factors in the pathogenesis of

46



180

181

182

183

184

185

186

187

188

189

190

191

192

193

On the induction of inflammatory reactions by Streptococcus pyogenes

invasive group A streptococcal infections: role of protective humoral
immunity. Infect. Immun. 1999. 67: 1871-1877.

Eriksson, B. K., Andersson, J., Holm, S. E. and Norgren, M., Invasive
group A streptococcal infections: TIMI1 isolates expressing pyrogenic
exotoxins A and B in combination with selective lack of toxin-neutralizing
antibodies are associated with increased risk of streptococcal toxic shock
syndrome. J. Infect. Dis. 1999. 180: 410-418.

Welcher, B. C., Carra, J. H., DaSilva, L., Hanson, J., David, C. S., Aman,
M. J. and Bavari, S., Lethal shock induced by streptococcal pyrogenic
exotoxin A in mice transgenic for human leukocyte antigen-DQ8 and human
CD#4 receptors: implications for development of vaccines and therapeutics. J.
Infect. Dis. 2002. 186: 501-510.

Sriskandan, S., Moyes, D. and Cohen, J., Detection of circulating bacterial
superantigen and lymphotoxin-alpha in patients with streptococcal toxic-shock
syndrome. Lancet 1996. 348: 1315-1316.

Herwald, H., Collin, M., Miiller-Esterl, W. and Bjorck, L., Streptococcal
cysteine proteinase releases kinins: a virulence mechanism. J. Exp. Med. 1996.
184: 665-673.

Kapur, V., Majesky, M. W., Li, L. L., Black, R. A. and Musser, J. M.,
Cleavage of interleukin 1 beta (IL-1 beta) precursor to produce active IL-1
beta by a conserved extracellular cysteine protease from Streptococcus
pyogenes. Proc. Natl. Acad. Sci. US A 1993. 90: 7676-7680.

Schmidtchen, A., Frick, I. M., Andersson, E., Tapper, H. and Bjorck, L.,
Proteinases of common pathogenic bacteria degrade and inactivate the
antibacterial peptide LL-37. Mol. Microbiol. 2002. 46: 157-168.
Schmidtchen, A., Frick, I. M. and Bjorck, L., Dermatan sulphate is released
by proteinases of common pathogenic bacteria and inactivates antibacterial
alpha-defensin. Mol. Microbiol. 2001. 39: 708-713.

Collin, M. and Olsén, A., Effect of SpeB and EndoS from Streptococcus
pyogenes on human immunoglobulins. /nfect. Immun. 2001. 69: 7187-7189.
von Pawel-Rammingen, U., Johansson, B. P. and Bjorck, L., IdeS, a novel
streptococcal cysteine proteinase with unique specificity for immunoglobulin
G. Embo J. 2002. 21: 1607-1615.

Fernie-King, B. A., Seilly, D. J., Willers, C., Wurzner, R., Davies, A. and
Lachmann, P. J., Streptococcal inhibitor of complement (SIC) inhibits the
membrane attack complex by preventing uptake of C567 onto cell membranes.
Immunology 2001. 103: 390-398.

Fernie-King, B. A., Seilly, D. J., Davies, A. and Lachmann, P. J.,
Streptococcal inhibitor of complement inhibits two additional components of
the mucosal innate immune system: secretory leukocyte proteinase inhibitor
and lysozyme. Infect. Immun. 2002. 70: 4908-4916.

Fernie-King, B. A., Seilly, D. J. and Lachmann, P. J., The interaction of
streptococcal inhibitor of complement (SIC) and its proteolytic fragments with
the human beta defensins. Immunology 2004. 111: 444-452.

Frick, I. M., Akesson, P., Rasmussen, M., Schmidtchen, A. and Bjorek, L.,
SIC, a secreted protein of Streptococcus pyogenes that inactivates antibacterial
peptides. J. Biol. Chem. 2003. 278: 16561-16566.

Bhakdi, S., Bayley, H., Valeva, A., Walev, 1., Walker, B., Kehoe, M. and
Palmer, M., Staphylococcal alpha-toxin, streptolysin-O, and Escherichia coli

47



Lisa Pdhlman

194

195

196

197

198

199

200

201

202

203

hemolysin: prototypes of pore-forming bacterial cytolysins. Arch. Microbiol.
1996. 165: 73-79.

Sierig, G., Cywes, C., Wessels, M. R. and Ashbaugh, C. D., Cytotoxic
effects of streptolysin o and streptolysin s enhance the virulence of poorly
encapsulated group a streptococci. Infect. Immun. 2003. 71: 446-455.
Fontaine, M. C., Lee, J. J. and Kehoe, M. A., Combined contributions of
streptolysin O and streptolysin S to virulence of serotype M5 Streptococcus
pyogenes strain Manfredo. Infect. Immun. 2003. 71: 3857-3865.

Buchanan, J. T., Simpson, A. J., Aziz, R. K., Liu, G. Y., Kristian, S. A.,
Kotb, M., Feramisco, J. and Nizet, V., DNase expression allows the
pathogen group A Streptococcus to escape killing in neutrophil extracellular
traps. Curr. Biol. 2006. 16: 396-400.

Kagan, J. C. and Medzhitov, R., Phosphoinositide-mediated adaptor
recruitment controls Toll-like receptor signaling. Cell 2006. 125: 943-955.
Norrby-Teglund, A., Muller, M. P., McGeer, A., Gan, B. S., Guru, V.,
Bohnen, J., Thulin, P. and Low, D. E., Successful management of severe
group A streptococcal soft tissue infections using an aggressive medical
regimen including intravenous polyspecific immunoglobulin together with a
conservative surgical approach. Scand. J. Infect. Dis. 2005. 37: 166-172.
Rasmussen, M. and Bjorck, L., Proteolysis and its regulation at the surface
of Streptococcus pyogenes. Mol. Microbiol. 2002. 43: 537-544.

Al-Daccak, R., Mooney, N. and Charron, D., MHC class II signaling in
antigen-presenting cells. Curr. Opin. Immunol. 2004. 16: 108-113.

Hopkins, P. A., Fraser, J. D., Pridmore, A. C., Russell, H. H., Read, R. C.
and Sriskandan, S., Superantigen recognition by HLA class II on monocytes
up-regulates toll-like receptor 4 and enhances proinflammatory responses to
endotoxin. Blood 2005. 105: 3655-3662.

Llewelyn, M. and Cohen, J., Superantigens: microbial agents that corrupt
immunity. Lancet Infect. Dis. 2002. 2: 156-162.

Lussow, A. R. and MacDonald, H. R., Differential effects of superantigen-
induced "anergy" on priming and effector stages of a T cell-dependent
antibody response. Eur. J. Immunol. 1994. 24: 445-449.

48



