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Abstract
Staphylococcus aureus (S. aureus) is a versatile, opportunistic Gram-positive bacterium
associated with the majority of severe hospital or community acquired bacterial
infections and a high mortality rate due to increasing antibiotic resistance. S. aureus
generates numerous virulence factors that interfere with the host immune defence.
Staphylococcal superantigen-like (SSL) proteins comprise a family of virulence factors
suspected to target key components of the innate immune system and promote host
colonisation and immune evasion.
This thesis examined SSL7, a member of the SSL family previously shown to bind to
IgA and complement C5, thereby preventing the recognition of IgA by FcαRI and the
cleavage of C5, as well as complement-mediated serum hemolytic and bactericidal
activity.
SSL7 was found to simultaneously confine two molecules of C5 and one molecule of
IgA in a large pentameric complex. Steric hindrance of the complex thereby inhibited
C5 cleavage and eliminated end-stage complement activation as well as the generation
of the anaphylatoxin C5a. Additionally, SSL7 efficiently blocked the formation of C5b9 on the surface of Gram-positive bacteria. External SSL7 or SSL7 expressed by the
Gram-positive, avirulent Lactococcus lactis enhanced survival of the bacteria in a
human whole blood killing assay. Moreover, in an in vitro migration assay and in vivo
murine model of peritoneal inflammation, SSL7 inhibited the chemotaxis of
inflammatory cells in response to a pathogenic stimulus.
Protection against blood killing and reduction of phagocytosis by SSL7 most likely
occurs at the level of complement opsonisation, consistent with SSL7’s ability to inhibit
the activation of C5, downstream of the main opsonins C3b and C4b. This potentially
highlights an exciting new role for C5b or C5b-9 in opsonophagocytosis.
With the results included in this study, we can begin to comprehend the specific and
efficient interaction of SSL7 with the host immune response and are a step further in the
understanding of the complex interactions S. aureus has with its human host.
Characterising these interactions could aid in the search for potential targets for novel
therapeutic strategies against multi-drug resistant S. aureus.
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Chapter 1 Introduction
1.1

STAPHYLOCOCCUS AUREUS

Staphyloccoccus aureus (S. aureus) is a gram positive, facultative anaerobic coccus that
forms grape-like clusters when viewed under the microscope. Other than the
characteristic cluster formation and gold pigmentation of the colonies when grown on
agar, S. aureus can be distinguished from other staphylococcal species by its ability to
ferment manitol and positive coagulase- and catalase-tests (Lowy, 1998; Todar, 2008).
S. aureus is an opportunistic human pathogen causing community-acquired infections
worldwide and is the most frequent cause of nosocomial infections. S. aureus is a
natural commensal and can be found to permanently colonise the epithelium of the
anterior nares of about 20 – 30 % of the population (Noble et al., 1967; Cole et al.,
2001).
Typically a break in the skin or mucosal epithelium allows S. aureus to enter the
adjoining tissue to establish a localised infection (Lowy, 1998; Todar, 2008). Such
localised infections caused by S. aureus are mostly uncomplicated infections of the skin
(abscesses), soft tissue, sinuses and urinary tract. Occasionally, under conditions that
are only poorly understood S. aureus can overcome the host immune system and expand
from a local infection, causing severe disease. Secreted S. aureus toxins cause acute
disease such as food poisoning and toxic shock syndrome (TSS), which can become life
threatening. Other severe and at times lethal diseases caused by S. aureus include
pneumonia, meningitis, osteomyelitis, endocarditis and sepsis (Wertheim et al., 2005;
Todar, 2008).
S. aureus is a major cause of hospital acquired infection often closely associated with
surgical procedures or indwelling medical devices, such as surgical wound infections,
catheter associated bloodstream infections and ventilator associated pneumonia (Emori
and Gaynes, 1993; Kuehnert et al., 2005).
Asymptomatic colonisation with S. aureus has been identified as a risk factor for the
development of localised and systemic S. aureus infections (Wenzel and Perl, 1995;
Von Eiff et al., 2001), but has also been associated with an improved prognosis.
Wertheim and colleges screened patients for S. aureus nasal carriage upon admission to
the hospital and subsequently monitored development and outcome of occurring S.
aureus bacteraemia. The study revealed a three fold increased risk of nasal carriers to
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develop bacteraemia (1.2 %) compared to non-carriers (0.4 %). However, at the same
time the study showed that the S. aureus bacteraemia-related mortality rate was
significantly higher in non-carriers (32 %) than in carriers (8 %) (Wertheim et al.,
2004). Recent studies have shown that healthy volunteers consistently harbour a wide
variety of anti-S. aureus antibodies, mostly directed against conserved virulence factors
(Holtfreter et al., 2009). However, the immune response varied greatly in extent and
intensity between individuals and it has been suggested that the prognosis for
bacteraemia patients is closely linked to the personal, pre-existing anti-S. aureus
antibody repertoire. The improved prospects for carriers are likely based on a specific
and partially protective immune memory for the colonising strain, which is developed
during multiple episodes of asymptomatic, self-limiting minor invasions of the
colonising strain (Holtfreter et al., 2010). Recent findings by Kolata and colleges
investigating the immune response against endogenous and exogenous S. aureus strains
support the hypothesis of pre-immunisation. In nasal carriers, the antibody response
against the endogenous strain started from a higher baseline and was further elevated
during infection with no shift in the pattern of antigen recognition, corresponding to a
secondary immune response. Exogenous infection of carriers and non-carriers resulted
in an enhanced response of pre-existing specificities, but in both groups also caused the
generation of antibodies against numerous new antigens, in line with a primary immune
response (Kolata et al., 2011).
1.1.1 Antibiotic Resistance
The treatment of S. aureus related infections has become increasingly difficult due to an
increasing number of strains evolving with multiple antibiotic resistances. Methicillinresistant strains of S. aureus were the first to be reported (Barber, 1961) and the term
methicillin-resistant Staphylococcus aureus (MRSA) is often synonymously used to
refer to multidrug-resistant S. aureus (Foster, 2004).
The underlying gene for methicillin-resistance is mecA, which encodes for a DDpeptidase, the Penicillin Binding Protein 2a (PBP 2a). S. aureus expresses four major
types of PBPs, all are membrane bound peptidases that catalyse the cross-linking of
peptidoglycans of the bacterial cell and are essential for bacterial growth and survival.
A high affinity of PBPs for β-lactam antibiotics, which resemble structural analogues to
peptidoglycans, results in binding and inactivation of the bacterial peptidase, a process
lethal to the bacteria. In β-lactam resistant strains, the additionally expressed PBP2a
2

only has very low affinity towards the antibiotic and its activity can substitute for the
inactivated high affinity PBPs (Chambers, 1997).
The first infection with MRSA in New Zealand was identified in 1976 (Humble, 1976),
however MRSA remained uncommon until the 1980’s when MRSA numbers started to
increase, peaking during two major hospital-based outbreaks in 1985 and 1987 (Jones
and Martin, 1987; Martin et al., 1989). Cases of hospital-acquired infections with
MRSA continued to increase until the mid 2000’s, when increased vigilance and stricter
sanitation requirements started to control the number of hospital-associated MRSA
infections. New Zealand was one of the first countries to encounter communityassociated MRSA (CA-MRSA) infections and numbers have been slowly on the rise
since (Smith and Cook, 2005). From the mid 2000’s, CA-MRSA infections
outnumbered the hospital-associated infections in the annual survey of MRSA in New
Zealand (Figure 1.1) (Richardson et al., 2011).

unknown
hospital-acquired
community-associated
other MRSA

Figure 1.1: MRSA isolation rates in New Zealand, 2001 – 2010
Incidence rates of hospital-acquired (EMRSA-15), community-associated (WSPP
MRSA and AK3 MRSA) and other MRSA strains in New Zealand. Unknown strains
represents MRSA infections for which no isolate was referred for strain identification.
Error bars indicate 95 % confidence intervals. Figure adapted from (Richardson et al.,
2011).

3

Gene transfer created a strain resistant to almost all available antibiotics, including
vancomycin, which then represented the last antibiotic to remain effective against
MRSA. The first indication of a vancomysin-insensitive strain was the characterisation
of a vancomycin-intermediate Staphylococcus aureus (VISA) strain, which is resistant
to low levels of antibiotic (Hiramatsu et al., 1997; Hiramatsu, 2001). Shortly after, a
high-level vancomycin-resistant Staphylococcus aureus (VRSA) strain was isolated
from a hemodialysis patient (Chang et al., 2003). Genetic analyses revealed interspecies
transfer of the resistance encoding plasmid, including the high-level vancomycinresistance gene, from Enterococcus faecalis to VRSA and subsequent studies showed
the transferability of the plasmid to other S. aureus strains supporting the concern of a
potential spread of the resistance (Weigel et al., 2003).
The rise in antibiotic resistant strains, accompanied by increasing difficulties in
successful treatment of infections is reason for concern. A detailed understanding of S.
aureus virulence and evasion mechanisms could provide the base for new therapeutic
drugs and alternative strategies for the treatment of S. aureus infections.
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1.2

HOST DEFENCES AGAINST STAPHYLOCOCCUS AUREUS

Host immune defence against S. aureus is mediated by the combined action of two
major components of the innate immune response, the complement system and
phagocytosis by neutrophils. Evidence for the key role of these two potent immune
defences can be found in several clinical and experimental examples.
Inherited complement deficiencies are strongly associated with an increased risk of
succumbing to S. aureus related infections (Morgan and Walport, 1991). Experimental
complement depletion in mice through treatment with cobra venom greatly increases
the susceptibility to severe S. aureus infections, such as septicaemia and septic arthritis
(Sakiniene et al., 1999). Experiments with C5 deficient mice support the key role of
complement and display a greater extent of skin necrosis and an increased mortality rate
after stimulation with S. aureus either subcutaneously or systemically (Linton, 2001).
Recurrent severe S. aureus infections in patients with chronic granulomatous disease
highlight the importance of neutrophils for the defence against S. aureus. Neutrophils of
these patients lack the enzyme NADPH oxidase, which generates microbicidal and proinflammatory oxygen radicals important for the killing of engulfed pathogens
(Heyworth et al., 2003).
Increasing evidence supports a close interaction between neutrophils and T-helper 17
(TH17) cells in the host defence against S. aureus. Interleukin-17 and other cytokines
secreted by TH17 cells link adaptive and innate immunity by promoting the expansion,
migration and survival of neutrophils at the site of infection (Mantovani et al., 2011).
TH17 cells are essential for effective host defence in murine models of systemic and
subcutaneous S. aureus infection (Lin et al., 2009; Cho et al., 2010). Similarly, patients
with autosomal dominant hyper-IgE syndrome (AD-HIES) have a heterozygous STAT3
mutation, that leads to a failure to generate IL-17 secreting cells (i.e. TH17), which
makes them highly susceptible to severe S. aureus and Candida albicans infections (Ma
et al., 2008; Cook and Tangye, 2009).
1.2.1 The Human Complement System
Complement is a complex network of over 30 fluid-phase and cell-surface associated
serum proteins that form a crucial part of host defence against pathogens, an interface
between innate and adaptive immunity, and has a vital role in tissue clearance of
apoptotic cells and immune-complexes (Walport, 2001). Upon pathogen recognition,
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complement is activated within seconds, generating a potent antimicrobial response
(Zipfel et al., 2007).
1.2.1.1

Activation of Complement

Depending on the trigger, complement can be activated through three distinct pathways
each with specific subsets of complement proteins: the classical, the mannose-binding
lectin (MBL) and the alternative pathways of complement activation (Figure 1.2).
The classical pathway is initiated by binding of the C1 complex to antigen-antibody
complexes or aggregates containing IgG or IgM, recognising the Fc region of the
antibody (classical pathway, Figure 1.2). Additionally, C1q within the C1 complex can
also activate complement through direct recognition of bacterial and apoptotic cell
surface structures (Gaboriaud et al., 2004). Upon surface binding of C1q,
conformational changes of the complex result in the auto-activation of C1r and
subsequent activation of C1s. C1s in turn cleaves C4 releasing C4a and covalently
depositing C4b on the cell surface via an exposed reactive thioesterbond. Surface
associated C4b can bind to C2, which is also cleaved by C1s, to form the C3 convertase
(C4b2a) (Wallis et al., 2010).
Activation of the MBL pathway occurs through the recognition of pathogen associated
molecular patterns (PAMPs). PAMPs are highly conserved carbohydrate surface
structures, found throughout a large group of pathogens (Gasque, 2004) (mannosebinding lectin pathway, Figure 1.2). So far three molecules have been identified to
activate the MBL pathway, mannose-binding lectin protein (MBL), ficoline H and
ficoline L (Carroll, 2004). MBL and mannose-binding lectin associated serine proteases
1 and 2 (MASP1/-2) form a complex, which in overall organisation and function is
comparable to the C1 complex of the classical pathway (Wallis et al., 2010). The MBL
pathway is activated through mannose carbohydrate residues leading, as in the classical
pathway, to the cleavage of C4, deposition of C4b and subsequent cleavage of C2 and
the formation of the C3 convertase (C4b2a) (Rawal, 2006).
The alternative pathway differs from the classical and MBL pathway and includes three
distinct but overlapping processes. Firstly, the alternative pathway is constantly
activated through a low rate of spontaneous hydrolysis of C3 to active C3H2O, termed
tick over, exposing a binding site for factor B (alternative pathway tick over, Figure
1.2). A mainly soluble C3 convertase (C3H2OBb) is formed when factor B bound to
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Figure 1.2: Pathways of complement activation and C5b-9 formation
Schematic diagram of complement activation through the classical, MBL and
alternative pathway. Figure adapted from (Walport, 2001).
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C3H2O is cleaved by factor D (Pangburn et al., 1981; Bexborn et al., 2008). C3H2OBb
cleaves C3 and exposes a highly reactive but unstable thioester on the C3b fragment
that binds hydroxyl or amino groups found on the cell surface of pathogens and
microbial products such as lipopolysaccharide (LPS), zymosan, peptides, and teichoic
acid (Rawal, 2006).
Secondly, the alternative pathway can be activated through pathogen pattern recognition
similar to the activation mechanisms of the other two pathways. Properdin directly
recognises pathogen and cell-damage associated patterns and initiates the de novo
assembly of the C3 convertase by recruiting fluid-phase C3b to the target surface
(Spitzer et al., 2007) (alternative pathway properdin, Figure 1.2). Additionally,
properdin has been described to stabilise already formed C3 convertase complexes of all
three pathways, increasing the convertase half-life 5- to 10-fold (Fearon and Austen,
1975).
Lastly, the alternative pathway is a potent amplifier for all pathways of complement
activation (alternative pathway amplification, Figure 1.2). C3 convertases from all
pathways cleave C3, resulting in the rapid deposition of C3b on the cell surface. During
the alternative pathway amplification, recruitment of factor B and D by these C3b
molecules results in the formation of the alternative pathway C3 convertase (C3bBb).
The newly formed C3 convertases further activate C3 into C3a and C3b, thereby
creating the platform for further C3 convertase and subsequently increasing C5
convertase formation. This effective amplification loop is estimated to contribute as
much as 80 - 90 % of C5 activation (Harboe and Mollnes, 2008). The formed C5
convertases cleave C5 into C5a and C5b. C5b associates with C6 and C7 to form a
complex that inserts into the cell membrane and interacts with C8 to initiate the binding
of several C9 molecules, penetrating the cell membrane and forming a lytic pore, C5b-9
or membrane attack complex (MAC) (Müller-Eberhard, 1985).
1.2.1.2

Effector Functions of Complement

The most recognised role of complement is the formation of a lytic effector system that
protects against invading microbial pathogens. The terminal components of complement
(C5b, C6, C7, C8 and C9) create a complex (C5b-9) creating a channel of 100 Å
diameter in the pathogen cell membrane. This C5b-9 pore is also referred to as
membrane attack complex (MAC) or terminal complement complex (TCC) and disrupts
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the integrity of the cell membrane leading to an osmotic lysis of the pathogen (Esser,
1994; Walport, 2001).
The formation of C5b-9 is thought to play a minor role during the defence against
Gram-positive bacteria. A C5b-9 complex is formed on the bacterial surface, but fails to
penetrate the thick peptidoglycan layer of the Gram-positive bacterial cell wall (Joiner
et al., 1983).
One prominent role of complement during the immune defence against Gram-positive
organisms lies in the generation of effector molecules such as C3b and C5a. C3b
deposition on the surface of pathogens, or opsonisation, targets cells for phagocytosis
and destruction by immune cells, such as neutrophils (Erdei et al., 1991). Interaction of
C3b with complement receptors on neutrophils strongly increases the efficiency of
phagocytosis and promotes the release of proinflammatory signal molecules, such as
interleukin 1 and prostaglandins (Bacle et al., 1990; Krych-Goldberg and Atkinson,
2001; Haas and Van Strijp, 2007).
During complement activation the anaphylatoxins C3a and C5a are constantly released
and act as mediators of local inflammation or in large amounts systemic shock
(Walport, 2001). C5a is a potent proinflammatory signal molecule, acting as a strong
chemoattractant for neutrophils, but also affects monocytes and macrophage migration
(Marder et al., 1985). In neutrophils, C5a induces the oxidative burst and enhances
phagocytosis and degranulation (Mollnes et al., 2002). Additionally C5a triggers the
release of inflammation mediators such as histamine, prostaglandin, leukotriene and
cytokines from mast cells and granules from eosinophils (Goldstein and Weissmann,
1974; Sacks et al., 1978). Furthermore, C5a modulates cytokine expression, alters the
expression of surface molecules on neutrophils and can activate the coagulation system
(Guo et al., 2002; Laudes et al., 2002).
The complement system can also act as a mediator between the innate and adaptive
immune response and regulates adaptive immunity in various ways. Recognition of
opsonising C3b by CD21 on B-cells enhances antigen recognition though the CD19
receptor and stimulates lymphocyte proliferation (Fearon and Carroll, 2000).
Signalling via the complement receptor 3 (CR3, CD11b/CD18) regulates production of
interleukine-12 (IL-12) in antigen presenting cells and interferon-gamma (IFN-γ) in
peripheral blood mononuclear cells (PBMC), thereby modulating cell mediated
immunity (Marth and Kelsall, 1997).
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1.2.2 Neutrophils
Neutrophils are key effector cells of the innate immune response and a critical first
defence against invading pathogens. Peripheral blood neutrophil numbers in humans are
2.5 – 7.5 x 106/ml and a short circulating half-life of neutrophils (between 6 – 8 hours)
means that around 5 – 10 x 1010 progenitor cells are released from the bone marrow and
mature into neutrophils every day (Cowburn et al., 2008).
Neutrophils are an effective first response to an invading microorganism and rapidly
accumulate at the site of infection. Chemoattractant stimulation of neutrophils activates
intracellular signal pathways, leading to the rearrangement of the cytoskeleton and
alteration of cell surface molecule numbers to facilitate neutrophil migration and
enhance function (Cowburn et al., 2008). Once at the site of infection, neutrophil
priming and activation occurs in a controlled two-stage process, since triggering of
degranulation and respiratory burst also hold the potential to damage healthy host
tissue. Contact with activated epithelium, foreign surfaces or agents such as LPS, and
sub-activation concentrations of host signal molecules such as cytokines and
chemokines prime neutrophils by increasing NADPH oxidase activity (Mcphail et al.,
1984). At the site of infection neutrophils recognise pathogen specific patterns such as
peptidoglycan of cell walls, lipoprotein, LPS or CpG containing DNA leading to full
activation. A great number of the complement receptors CR1 and CR3 as well as the
IgA antibody receptor FcαR (CD89) and the IgG receptor FcγRI (CD64) on the surface
of neutrophils results in greatly enhanced phagocytosis of complement and antibody
opsonised microorganisms (Kobayashi et al., 2005). Neutrophil phagocytic activity can
also be enhanced through the anaphylatoxin C5a, signalling through constitutively
expressed C5aR on the cell surface (Sengeløv et al., 1995). Phagocytosis activates the
intracellular NADPH oxidase, resulting in the transfer of electrons from cytosolic
NADPH to intraphagosomal molecular oxygen and production of superoxide radicals
and subsequently secondarily derived reactive oxygen species (ROS) such as hydrogen
peroxide, hypochlorous acid and hydroxyl radicals. Concomitantly with the generation
of superoxide and ROS, intracellular stored granules fuse with the phagosome and
enrich the vacuole lumen with antimicrobial peptides, such as defensines, proteases,
elastases, and lysozyms. This process of oxidative or respiratory burst facilitates
efficient killing of the bacteria contained in the phagosom (Hampton et al., 1998;
Kobayashi et al., 2005; Cowburn et al., 2008).
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1.2.3 Immunoglobulin A
Immunoglobulin A (IgA) is the major antibody class secreted onto mucosal surfaces of
the gastrointestinal, respiratory and genitourinary tracts, and acts as a first line of
defence. With concentrations of 2 - 3 mg/ml, IgA is also the second most prevalent
antibody in serum after immunoglobulin G (IgG) with 12 mg/ml (Woof and Kerr,
2006).
1.2.3.1

Serum and secretory IgA

Human IgA can be divided into IgA1 and IgA2, with the major difference in the hinge
region, which is enlarged by 13 amino acids in IgA1 (Van Egmond et al., 2001). The
antigen binding sites of IgA1 can therefore space out much wider than those of IgA2,
suggesting that IgA1 is able to interact with antigens further apart, possibly linking
antigens on separate molecules (Woof and Kerr, 2006). While IgA1 is the dominant
form in serum, the distribution of the two subclasses in secretions is more level, with
slightly more IgA2 on mucosal surfaces of the respiratory and digestive tract and
minimally more IgA1 on the surface of the large intestines and genital tract (Woof and
Mestecky, 2005).
Similar to other antibodies a monomeric structure is the dominant form of serum IgA
and consists of two identical heavy and two light chains. The heavy chain (also referred
to as α-chain) has a slightly larger molecular mass (~60 kDa) than heavy chains of other
immunoglobulins, due to a higher rate of glycosylation. The light chain is the same as
found in other antibodies, such as IgG (Kerr, 1990). The molecule is arranged in two
paired Fab regions, with variable antibody binding sites at the end, and an Fc region,
which mediates interaction with receptors. A flexible hinge region separates Fab regions
and the Fc region (Figure 1.3 A) (Woof and Kerr, 2006).
In mucosal secretions, IgA exists almost exclusively as dimers (Figure 1.3 B). Mucosal
or secretory IgA (SIgA) consists of two IgA molecules connected by a joining (J) chain
and linked to a secretory component (SC) (Monteiro and Van De Winkel, 2003). The J
chain is a 16 kDa cysteine-rich polypeptide and can form disulfide bridges linking the
Fc fragment of polymeric IgA and IgM (Kerr, 1990; Woof and Mestecky, 2005). The
secretory component (SC) is a ~80 kDa polypeptide and a proteolytic fragment of the
receptor responsible for the secretion of IgA (Woof and Kerr, 2006).
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1.2.3.2

SIgA Synthesis

SIgA is generated by local plasma cells and actively secreted into the lamina propria,
immediately below the epithelial layer of the mucosal surface (Brandtzaeg and
Johansen, 2005; Kaetzel, 2005). Dimeric IgA binds covalently to the polymeric Ig
receptor (pIgR) on the baso-lateral side of mucosal epithelial cells and is actively
endocytosed. The ligand receptor complex is transported to the apical/luminal side,
where the external domain of pIgR is proteolytically cleaved of, leaving the secretory
component (SC) covalently attached to the IgA dimer thus secreting the SIgA molecule
onto the mucosal surface (Van Egmond et al., 2001; Kaetzel, 2005).
1.2.3.3

Function of IgA

Preventing microorganisms and foreign proteins from penetrating the mucosal surface
and therefore gaining access to the body, so called immune exclusion, is the major
function of SIgA (Brandtzaeg, 2003). Antigen specific IgA can bind pathogens and
effectively inhibit epithelial adherence and colonisation. Binding to critical epitopes on
antigens such as enzymes and toxins neutralises their biological activity (Woof and
Mestecky, 2005).

A

B

Fab

Monomer 1
Fab

Fab

Fab

FcαRI!
Fc
FcαRI!

FcαRI!
FcαRI!

Fc

Fc
Fab

Monomer 2
Fab

Figure 1.3: Molecular Models of Human IgA
A) Crystal structure of monomeric human IgA (PDB accession number 1IGA (Boehm
et al., 1999)). B) Model of dimeric IgA with the crystal structure. Superimposed onto
the Fc regions within the dimer are human IgA Fc region in complex with two FcαRI
receptor molecules to highlight possible receptor interactions. FcαRI receptors
associated with monomer 1 and 2 are shown in green and yellow, respectively. Figure
adapted from (Bonner et al., 2008)
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SIgA has a predominance of hydrophilic amino acids in the Fc region and heavy
glycosylation of both IgA and SC, resulting in the ability of IgA to surround
microorganisms with a hydrophilic shell preventing attachment to the mucosa (Van
Egmond et al., 2001). Additionally IgA causes glycan-mediated agglutination of
bacteria and interferes with microbial mobility by interacting with their flagella,
therefore facilitating removal from the mucosal surface (Woof and Mestecky, 2005).
Adding to the immunoprotective properties of SIgA are the mucophilic properties of
SC. Mucin, abundant in most secretions, binds SC in SIgA thus enhancing confinement
of the pathogen in the mucus and thereby advancing clearance through respiratory
ciliary movement and intestinal peristalsis (Brandtzaeg, 2003). The function of serum
IgA is still debated. IgA is a poor activator of complement and therefore often referred
to as non-inflammatory (Kerr, 1990). One possible role of serum IgA is "discrete
housekeeping", the removal of IgA immune complexes by phagocytosis with no
resulting inflammation (Monteiro and Van De Winkel, 2003). Monomeric serum IgA is
able to inhibit proinflammatory functions such as antibody induced phagocytosis,
oxidative burst and cytokine release (Kerr, 1990). Additional evidence for this antiinflammatory role of serum IgA can be found in a frequent association of IgAdeficiencies with allergy and autoimmunity (Monteiro and Van De Winkel, 2003).
1.2.3.4

Bacterial Evasion of IgA Mediated Immune Functions

Numerous pathogens have developed strategies to undermine IgA mediated functions,
underlining the importance of this antibody in immune defence.
Pathogens prone to cause invasive disease of the respiratory tract, such as
Haemophilius, Streptococcus, and Neisseria, have been found to express high levels of
specific IgA1-cleaving proteases (Reinholdt and Kilian, 1997; Vitovski et al., 2002).
Cleavage of IgA by these bacterial proteases generates a Fab and Fc fragment. The Fab
fragment is still able to recognise antigens on the bacterial surface but no effector
mechanism can be triggered due to the lack of the Fc region. Furthermore, Fab
fragments bound to antigens are in direct competition with intact antibodies and block
recognition sites, further advancing immune evasion (Woof and Mestecky, 2005).
Many strains of group A and B Streptococcus express proteins, which specifically bind
IgA. This heterogenous group of IgA binding proteins (IgA-BPs) all interact with the
FcαR binding site on IgA, blocking receptor-ligand interaction. Hence, IgA-BPs permit
the bacteria to evade IgA-FcαR mediated immune functions (Woof and Kerr, 2006).
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Streptococcus pneumoniae expresses a surface protein (SpsA), which binds specifically
to the human polymeric Ig receptor (pIgR) and SC. Transcytosis of the pIgR mediates
the transport of dimeric IgA through the epithelium into secretory fluids (Brandtzaeg,
2003). In vitro studies have shown that SpsA-pIgR interaction can mediate
internalisation of S. pneumoniae into epithelial cells, suggesting a pathologic role
during primary pneumococci adherance and colonisation of nasopharygeal cells (Zhang
et al., 2000).
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1.3

THE MOUSE AS A MODEL ORGANISM IN SCIENTIFIC RESEARCH

Mice are the firm foundation of medical research. In New Zealand, mice have been the
most commonly used species for the last 20 years and make up about 26 % of animals
used in biological, medical and veterinary research (Naeac, 2011).
The immune system of the mouse has been well characterised and the resemblance to
the human immune system positions mice in the centre of in vivo immunological
research.
Selective breeding has created widely available genetically characterised inbred and
knockout strains and new technologies further broaden the selection for immunological
research. Xeno-engraftment of human immune cells and tissues into immune deficient
mice or insertion of human genes into the murine genome creates a human immune
background. This humanised mouse model enables investigation into the pathology of
infectious disease, interaction between pathogen and host immune system and the
evaluation of novel therapeutic strategies (Scheer et al., 2008; Koo et al., 2009).
1.3.1 S. aureus in Laboratory Mice
Many human infectious diseases are caused by highly specialised pathogens that do not
infect mice. S. aureus can cause severe infections in mice, however susceptibility to S.
aureus infection and clinical disease seems to be strongly dependant on the mouse
strain used and the infection model employed. The two mouse strains used for the work
presented in this thesis are C57BL/6 and BALB/c, both of which have been shown to be
susceptible to S. aureus infection previously. An intermediate susceptibility to S. aureus
(50 % infection rate) was observed during experimental infection of the preputial gland
in male C57BL/6 mice (Hong and Ediger, 1978). During experimental systemic
infection with S. aureus administered into the tail vain, C57BL/6 mice were able to
control bacterial growth and survived the infection, while BALB/c mice were highly
susceptible, showed severe clinical symptoms and rapidly succumbed to the infection
(Von Köckritz-Blickwede et al., 2008). In contrast, in a subcutaneous S. aureus
infection model, clinical symptoms were found to be more severe (larger footpad
swelling) and bacterial loads and dissemination significantly higher in C57BL/6 mice
compared to BALB/c, which only displayed mild clinical symptoms (Nippe et al.,
2011). Nevertheless, mouse models of S. aureus infections have proved to be a valuable
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tool in the understanding of infectious diseases and the search for new antibacterial
compounds and therapeutic approaches against MSSA and MRSA (Gibson et al., 2007).
S. aureus is found to colonise the skin, upper respiratory tract, mammary glands,
mucous membranes and the lower gastrointestinal tract of laboratory mice (Baker,
1998). Surveys on staphylococcal carriage have revealed cutaneous colonisation of 76.6
% of conventional laboratory mice, with the human non-pathogenic species
Staphylococcus xylosus being the predominant species followed by S. sciuri and S.
aureus, which were found to be prevalent in 43 % and 10 % of mice examined,
respectively (Nagase et al., 2002).
However with S. aureus and MRSA human carrier rates rising (Kuehnert et al., 2006),
S. aureus infection rates in research facilities are likely to increase as well, since the
bacteria can infect both species. Strain typing of S. aureus isolates in asymptomatic
mouse colonies regularly reveals identical isolates to those found in animal caretakers,
demonstrating that interspecies S. aureus transfer frequently takes place (Blackmore
and Francis, 1970; Lenz et al., 1978).
S. aureus infections are more common in very young and old mice, or if the animal is
under experimental stress and most frequently manifest in mice as fever-inducing local
infections of the skin or mucosal membranes. It is thought that these S. aureus
infections develop secondary to a breach of the skin or mucosa integrity caused by
natural social behaviour (scratching, biting and grooming) or from experimental
procedures (Besch-Williford and Franklin, 2007). Other common S. aureus infections
include orbital and facial abscesses, ulcerative dermatitis, preputial gland abscesses and
genital tract infections (Institute of Laboratory Animal Resources, 1991).
Systemic effects of S. aureus infections are mainly endotoxin mediated and can cause
excessive cytokine release resulting in shock and multiple organ failure (Baker, 1998).
Ongoing identified or undetected S. aureus infections of mice can interfere with
experimental research, disrupt studies and may entail culling of breeding pairs. More
importantly, S. aureus infections have been shown to alter host immune responses
including the priming of innate immune response and activation of suppressor B-cell
and subsequently suppressor T-cells (Easmon and Glynn, 1979; Benedettini et al.,
1985).
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1.3.2 The Murine Immune System
Mice have long been a major experimental tool in immunological research and in many
respects reflect human immunobiology well. This conservation is supported by analysis
of the human and mouse genome. Even though the murine genome is slightly smaller
than the human genome (2.5 Gb and 2.9 Gb, respectively), both genomes contain
approximately 30 000 protein-coding genes and only about 1 % of these genes have no
homologue in the genome of the other species (Mouse Genome Sequencing Consortium
et al., 2002).
Nevertheless mice and humans evolved to live in very different environments and differ
tremendously in both body size and lifespan, which also is reflected in some divergence
between the two immune systems.
1.3.2.1

Murine Innate Immune System

Analogous to humans, host defence in mice against S. aureus is largely mediated
through complement-mediated phagocytosis by mononuclear phagocytes (blood
monocytes and tissue macrophages) and killing by polymorphonuclear neutrophils
(Institute of Laboratory Animal Resources, 1991).

1.3.2.1.1 Neutrophils
In both humans and mice, neutrophils are the first cellular response against intruding
pathogens. Murine neutrophils are rapidly recruited from the circulation to the site of
infection by proinflammatory chemoattractants with a peak of migration after 6 – 12
hours (Quimby and Chaplin, 2007). Upon phagocytosis microorganisms are killed by
fusion of the phagosome with stored granules containing large quantities of reactive
oxygen species (Moraes et al., 2006). Murine neutrophils, like human neutrophils, can
release various enzymes with direct proteolytic or bactericidal activity affecting
pathogens close by (Quimby and Chaplin, 2007). Murine neutrophils also secrete
cytokines and chemokines and are thought to control the immune response to a greater
extent than the initial phagocytosis of invading bacteria (Kasama et al., 2005).
The ratio of blood neutrophils and lymphocytes in white blood cell counts in mice and
humans differ slightly. Human blood is rich in neutrophils (50 - 70 %) and has fewer
lymphocytes (30 - 50 %) (Bain, 1996). In contrast mouse white blood cells are predominantly lymphocytes (75 - 90 %) with less circulating neutrophils (10 - 25 %)
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(Doeing et al., 2003). Possible functional consequences of this shift in neutrophil
numbers between humans and mouse are not known.
Mouse strains with abnormal neutrophil differentiation or with neutrophils deficient for
specific reactive oxygen species are commonly used to investigate the role of
neutrophils and reactive oxygen effector pathways in the defence against S. aureus
(Schaper et al., 2003).

1.3.2.1.2 Murine Complement System
Complement is conserved among higher vertebrates with little variations and an
otherwise high degree of homology in structure and function (Dunkelberger and Song,
2010). However, few differences between the human and murine complement system
can be noted.
The murine analogues to the human complement component C4a and C4b are Slp and
murine C4 protein, which display a higher structural and possibly functional divergence
than their human counterparts (Blanchong et al., 2001).
Complement C5 levels and activity can vary significantly between species (Rice, 1950).
Many mouse strains are reported to generate low levels of C5, with up to 39 % of
common inbred strains being C5 deficient and only 19 % producing comparable C5
levels to other species, including humans (Cinader et al., 1964; Nilsson and MüllerEberhard, 1967; Ong and Mattes, 1989). Sequence analysis revealed an identical 2-base
pair deletion in the C5 gene of C5 deficient laboratory mouse strains. This deletion
causes a reading frame shift in the mRNA, which introduces a termination codon and
leads to the translation of a non-functional, truncated product (Wetsel et al., 1990).
These naturally occurring C5 deficient mouse strains are extensively used in
experimental research and together with other complement component deficient species
have helped to understand the role of specific complement components in inflammation
and infectious disease (Linton, 2001). In animal experiments used during the research
presented in this thesis, BALB/c and C57BL/6 mice were used, which express
functional C5 (Cinader et al., 1964).
Point mutations in the C6 gene lead to amino acid substitution, possibly disrupting the
tertiary structure of the protein or interfering with C6 binding to C5b or C7, hence
hindering formation of the C5b-9 complex (Bhole and Stahl, 2004). This mouse model
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is of particular interest in the field of transplantation, allowing investigations into the
role of complement and C5b-9 formation in xenotransplant rejection (Linton, 2001).
1.3.2.2

Humoral Immunity

As in humans, murine Fc receptors (FcR) recognise antigen bound by antibodies and
link humoral and cell-mediated immunity. All immunoglobulin classes have a specific
FcR and a precise interaction of antigen-antibody complex and receptor initiates a wide
variety of immune responses.
Human FcαRI (CD89) recognises IgA with high affinity and is expressed on several
cells, including neutrophils. (Monteiro and Van De Winkel, 2003). No murine FcαRI
homologue has been identified, however human FcαRI cDNA hybridisation with
murine cDNA libraries identified the two novel receptors Paired Immunoglobulin-like
Receptor-A and -B (PIR-A and PIR-B, respectively) (Kubagawa et al., 1997). PIR-B is
a murine cell-surface glycoprotein with high structural similarity to human FcαR,
preferentially expressed on macrophages (Hayami et al., 1997). Neither PIR binds IgA
or other immunoglobulins and various murine MHC I molecules are suggested as
interaction partners (Hayami et al., 1997; Kubagawa et al., 1997; Takai, 2005).
Murine IgA signalling presumably occurs via alternative IgA receptors such as Fcα/µR,
CD71 or the polymeric immunoglobulin receptor (pIgR), which also binds to murine
IgM (Mestas and Hughes, 2004).
Human and mice both express five classes of immunoglobulin isotypes with slight
differences in the Ig subtypes. Mice normally express four subtypes of IgG (IgG1,
IgG2a, IgG2b, IgG3) (Haley, 2003), with the exception of a few mouse strain
(C57BL/6, C57BL/10 and NOD) in which the IgG2a is replaced by IgG2c (Morgado et
al., 1989; Martin et al., 1997). Like mice, human IgG has four subtypes (IgG1, IgG2,
IgG3, IgG4) and IgD, IgE, and IgM can be found in a single form, while IgA is
produced as two subtypes IgA1 and IgA2. Human and murine IgG subtypes are not
direct homologues and vary in their ability to bind receptors and activate complement.
However, these discrepancies are not considered to be of functional significance (Haley,
2003).
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1.4

S. AUREUS VIRULENCE FACTORS AND IMMUNE EVASION

S. aureus produces a wide variety of virulence factors, including cell surface proteins as
well as secreted factors, that interfere with the host immune system to promote host
colonisation and immune evasion (Foster, 2005). Many S. aureus derived virulence
factors have developed to target the major components of the innate immune defence,
including the complement system, as well as the recruitment and activation of innate
effector cells, such as neutrophils (Chavakis et al., 2007).
1.4.1 Colonisation, Adhesion and Cell Invasion
A multitude of adhesion factors mediate the interaction of S. aureus with the
extracellular matrix (ECM), allowing colonisation of the host.
The surface bound adhesins, Fibronectin-binding proteins (FnBPs) A and B, bind
fibronectin and thus create a bridge to the host fibronectin binding integrin α5β1. This
interaction of FnBPs with fibronectin-bound integrin α5β1 mediates S. aureus uptake
into endothelial cells and fibroblasts (Sinha et al., 1999).
Heterologously expressed FnBP in non-invasive microorganisms (Staphylococcus
carnosus or Lactococcus lactis) enables the transformant bacterial strain to invade
human cells in vitro, comparable to highly invasive S. aureus strains (Sinha et al.,
2000). Fibronectin bridging of FnBP to integrin α5β1 is expected to lead to an
intracellular tyrosine kinase mediated signal cascade, causing rearrangement of the
cytoskeleton and subsequent engulfment of the bacteria (Dziewanowska et al., 1999).
Secretable expanded repertoire adhesive molecules (SERAMs) are a group of secreted
proteins, which interact with various host ligands, thereby mediating bacterial
adherence and obstructing host defence (Chavakis et al., 2005). SERAMs include
fibrinogen binding protein A, extracellular fibrinogen binding protein (EfB), ECM
binding protein, extracellular adherence protein (Eap) and coagulase (Chavakis et al.,
2007).
Eap binds to many plasma proteins, including fibrinogen, fibronectin and prothrombin
and has been shown to enhance the internalisation of S. aureus into eukaryotic cells
(Haggar et al., 2004). Eap or analogs of Eap are found in 97.9 % of clinical isolates of
S. aureus but not in S. epidermidis and exert a crucial role in colonisation and
establishment of infection (Hussain et al., 2001).
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Eap deficient strains showed a significantly reduced ability to adhere and internalise
into eukaryotic cells than wild type S. aureus strains, suggesting that Eap contributes in
the internalisation process of S. aureus (Haggar et al., 2003). Moreover, Eap exhibits
potent antiangiogenic characteristics, suggesting that Eap constitutes a major
component responsible for the delayed wound healing frequently observed in S. aureus
infections (Athanasopoulos et al., 2006).
1.4.1.1

Complement Evasion

Complement is an essential part of the innate immune system and is capable of rapid
recognition and elimination of intruding microorganisms. To overcome this efficient
immune defence and evade complement, S. aureus secretes a wide range of virulence
factors.
The capsule polysaccharides of some S. aureus strains impede antibody detection and
interfere with opsonisation and C3b recognition through the receptor (Lambris et al.,
2008). The peptidoglycan-rich structure of the capsule of Gram-positive bacteria makes
them resistant to lysis by C5b-9 (Joiner et al., 1983).
One of the secreted virulence factors of S. aureus is Staphylococcal complement
inhibitor (SCIN), a human specific inhibitor of all three pathways of complement. SCIN
binds and stabilises both C3 convertases (classical / MBL convertase C4b2a and
alternative pathway convertase C3bBb) and interferes with deposition of C3b on the
surface of S. aureus, hence hinders opsonisation and phagocytosis (Rooijakkers et al.,
2005). As a consequence, complement-mediated immune responses, such as MAC
formation and neutrophil activation, are prevented (Rooijakkers et al., 2006).
Furthermore, the stabilising interaction of SCIN with the C3 convertase not only
reduces deposition of opsonic C3b as well as release of the chemoattractant C3a, but
also causes a dimerisation of two convertase molecules. The dimer encloses the receptor
recognition sites of C3b inside the molecule complex preventing ligand-receptor
interaction and therefore downstream complement mediated immune activity (Jongerius
et al., 2010).
Staphylococcal extracellular fibrinogen-binding protein (Efb) binds fibrinogen and
disrupts platelet aggregation and has been suggested to delay wound healing. The
constitutively expressed Efb has been shown to bind C3 to inhibit activation of the
classical and alternative pathways preventing opsonophagocytosis (Lee et al., 2004).
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Efb binds to the C3d fragment of C3b via a region located in the C-terminal end of the
protein, allowing simultaneous binding to fibrinogen on the N-terminus (Lee et al.,
2004). Efb has also been found to closely bind to a thioester-containing domain of C3,
disturbing the confirmation of the molecule, hence inhibiting C3 cleavage into a
functional C3b opsonin and C3a (Hammel et al., 2007).
The Efb-homologous protein (Ehp) shares a high level of structural similarity and the
binding mechanism to C3 with Efb. Ehp is a more potent inhibitor of complement,
chiefly preventing the activation of the alternative pathway. This greater capability to
inhibit complement is most likely derived from a second C3-binding site within the
molecule, which is not present in Efb (Hammel et al., 2007).
Efb and Ehp also bind to C3b contained in C3 convertase of the alternative pathway
(C3bBb) and C5 convertases of the classical and alternative pathways (C4b2a3b and
C3bBb3b, respectively), thus obstructing convertase activity (Jongerius et al., 2007).
Staphylococcal Protein A (Protein A or SpA) is a surface bound protein, which
recognises and binds the Fc region of IgG with high affinity. The bacterial surface
becomes coated with inverted IgG, blocking C1q binding and recognition via the Fcγ
receptor (Cedergren et al., 1993; Foster, 2005). As a result, SpA is able to inhibit Fcreceptor mediated phagocytosis and Ig-mediated activation of the classical pathway of
complement (Foster, 2005). SpA also binds the C1q receptor gC1qR/p33 on activated
platelets and endothelial cells, but it remains unclear whether this interaction interferes
with immune cell function or aids bacterial adhesion in areas of vascular injury and
tissue damage (Nguyen et al., 2000).
1.4.1.2

Inhibition of Neutrophil Recruitment

Phagocyte recruitment towards the site of bacterial infection is a critical step in initial
immune defence. Phagocytosis and antigen presentation are important functions of
those innate immune cells, providing a crucial link between early innate immune
defence and the more specific adaptive immunity. Numerous chemoattractants can
initiate migration, including formylated peptides, C5a, C3a and the cytokine
superfamily. Mediated by specific receptors, chemoattractants induce infiltration,
trafficking and homing of leukocytes. S. aureus controls chemotaxis with several
secreted molecules in order to establish an infection.
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Chemotaxis inhibitory protein of S. aureus (CHIPS) binds to the C5a receptor (C5aR)
and formylated peptide receptor (FPR), inhibiting the ligand induced response of
neutrophils and monocytes (De Haas et al., 2004; Postma et al., 2004). CHIPS can be
found in over 60 % of clinical S. aureus isolates in the S. aureus pathogenicity island 5
(SaPI5). This cluster of genes is known to contain genes that translate into immuno
modulating proteins, such as staphylokinase (SAK), staphylococcal enterotoxin A
(SEA) and staphylococcal complement inhibitor (SCIN) (Haas et al., 2005). CHIPS has
been shown to effectively inhibit C5a and formylated Met-Leu-Phe (fMLP) induced
calcium mobilisation in neutrophils and monocytes. CHIPS is human specific and
shows a 30-fold reduced capacity to inhibit calcium mobilisation in mouse neutrophils,
nevertheless CHIPS is capable of inhibiting neutrophil migration in a murine peritonitis
model (De Haas et al., 2004). Crystal structure analysis of CHIPS revealed a high
degree of structural homology with staphylococcal superantigen-like proteins 5 and 7,
and to a lesser extent to staphylococcal and streptococcal superantigens TSST-1 and
SPE-C suggesting a common structural motif as the basis for the immune modulating
functions of those proteins (Haas et al., 2005).
FPRL1 inhibitory protein (FLlPr) shows 49 % sequence homology to CHIPS and also
inhibits calcium mobilisation and cell migration towards chemoattractants. It blocks
agonist interaction with the FPR homolog FPR-like 1 (FPRL1), which is expressed on
neutrophils, monocytes and basophils. Similar to CHIPS, FLIPr is found in about 60 %
of clinical isolates (Prat et al., 2006).
Extracellular adherence protein (Eap) is another staphylococcal protein that inhibits
inflammatory cell recruitment. Eap interacts with many plasma proteins and contributes
to colonisation by S. aureus (see 1.4.1 Colonisation, Adhesion and Cell Invasion). More
importantly Eap binds to intercellular adhesion molecule-1 (ICAM-1) and strongly
interferes with firm adhesion to and transmigration through the epithelium, hence
inhibiting recruitment of inflammatory cells to the site of infection in vivo (Chavakis et
al., 2005).
1.4.1.3

Superantigens

Superantigens (SAgs) are powerful immune-modulators and minimal amounts (fewer
than 0.1 pg/ml) are sufficient to excite a T-cell response in an uncontrolled manner,
resulting in severe and possibly life threatening high fevers and systemic shock
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conditions (Marrack and Kappler, 1990; Miethke et al., 1992; Proft and Fraser, 2003).
SAgs have the ability to directly bind to the HLA-DRα domain on major
histocompatibility complex class II (MHC II) and simultaneously to the variable region
on the β-chain of the T-cell receptor (TCR), outside the regular antigen recognition
groove (Fraser, 1989; Kappler et al., 1989; Scholl et al., 1989; Dellabona et al., 1990).
Interaction of SAgs with MHC II and TCR results in an unspecific clonal T-cell
expansion. Superantigens activate as many as one in five resting T-cells, whereas a
conventional peptide antigen generally activates one in 105 - 106 T-cells (Papageorgiou
and Acharya, 2000). This over stimulation of the immune system is followed by
substantial cytokine release, such as interleukin-1β (IL-1β), interleukin-2 (IL-2),
interferon-γ (IFN-γ) and tumor necrosis factor-α (TNF-α) (Langford et al., 1978;
Marrack and Kappler, 1990; Miethke et al., 1992).
There is a wide sequence variation between the numerous SAgs of S. aureus but the
crystal structures of the ten staphylococcal SAgs solved to date revealed a highly
conserved globular two domain structure (Fraser and Proft, 2008).
The N-terminal domain represents an oligonucleotid/oligosaccharide-binding fold (OBfold) domain, a close five stranded β-barrel structure, which is a commonly found
protein domain in other bacterial toxins (Murzin, 1993; Arcus, 2002). The C-terminus
consists of a twisted β-sheet capped by an α-helix (Arcus et al., 2002).
1.4.2 Staphylococcal Superantigen-like Proteins
The staphylococcal superantigen-like proteins (SSLs) are a recently discovered family
of virulence factors, secreted by S. aureus. They were identified through sequence
homology to staphylococcal and streptococcal superantigens and named Staphylococcal
Exotoxin-like proteins (SETs), however since then they have been renamed to SSLs to
conform to the standard nomenclature for superantigens expressed by Staphylococcus
(Williams et al., 2000; Lina et al., 2004). SSLs are structural homologues to
superantigens but do not show typical superantigenic properties, such as MHC II
binding or T-cell stimulation, and are assumed to have various immune evasive
properties (Williams et al., 2000; Arcus et al., 2002; Fitzgerald et al., 2003; Langley et
al., 2005).
The main ssl gene cluster consists of ssl1 to ssl11, and is located in the genomic island
νSaα (sequenced strain MW2), SaPIn2 (sequenced strain N315), or SaPIm2 (sequenced
strain Mu50). The ssl genes are followed by the hsdM and hsdS genes, which are part of
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the restriction modification system involved in stabilising and maintaining this gene
cluster in the genome (Baba et al., 2002; Lindsay and Holden, 2004; Baba et al., 2008;
Feng et al., 2008). The eleven ssl genes are in a conserved order and can be found with
variations in gene content in all staphylococcal strains investigated (Figure 1.4).
Sequence diversification is most likely a result of recombination events, horizontal gene
transfer and deletions (Williams et al., 2000; Kuroda et al., 2001; Fitzgerald et al.,
2003). The homology between the eleven ssl genes varies between 36 % and 67 % and
85 - 100 % within allelic variants (Fitzgerald et al., 2003). Downstream of the main
cluster are three more ssl genes (ssl12, ssl13, and ssl14), which are contained in an
immune evasion cluster (IEC) together with extracellular fibrinogen-binding protein
(efb), extracellular complement-binding protein (ecb), two SCIN homologues (SCIN-B
(scb) and SCIN-C (scc)) and FLIPr (flr) (Jongerius et al., 2007). Each of the genes
contained in the IEC contains an individual ribosomal binding site and a N-terminal
signal peptide sequence, suggesting that they are regulated and expressed independently
from each other (Williams et al., 2000).
Comparison of the SSLs with other superantigens reveals only partial homology. If
compared to Toxic Shock Syndrome Toxin (TSST), SSL proteins have 30 % sequence
identity and <25 % compared to other staphylococcal superantigen proteins. However,
crystallisation of SSL5 and SSL7 confirmed that despite sequence differences, the SSLs
share a high degree of structural homology to known superantigens, such as TSST-l
(Arcus et al., 2002; Al-Shangiti et al., 2005) (Figure 1.5). The typical tertiary structure
consists of an OB-fold linked to a β-grasp domain separated by an α-helix. The Nterminal domain is an oligonucleotide/oligosaccharide-binding fold (OB-fold), which is
associated with oligosaccharide and DNA binding. The C-terminal domain is a series of
β-strands wrapped around a helix, known as the β-grasp domain (Arcus et al., 2000;
Arcus et al., 2002). Despite the overall structural similarity, residues important for
superantigen activity are not conserved in SSLs. None of the SSLs investigated so far
binds to MHC II or induces polyclonal T-cell activation (Arcus et al., 2000; Arcus et
al., 2002; Al-Shangiti et al., 2004; Al-Shangiti et al., 2005).
The function for most SSLs is still unknown but there is a growing amount of evidence
that suggests they each target different key components of the host immune system.
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Figure 1.4: Schematic Representation of the ssl gene locuses
A) Differences in make up of the νSaα ssl gene locus in eleven human S. aureus
isolates. A central variable region found to contain allelic variants or deletions of ssl
genes is marked by a dashed line. T= putative transposase gene. Figure adapted from
(Smyth et al., 2007). B) Representation of the ssl12 to ssl14 gene locus in the IEC-2.
Grey arrow indicates α-hemolysin gene (hla), dark grey arrow indicates the house
keeping gene ornithine carbamoyltransferase (argF) and dotted arrows indicate open
reading frames. Figure adapted from (Jongerius et al., 2007).
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Figure 1.5: Structural comparison of the superantigen TSST-1 and the
superantigen-like protein SSL7
Illustration of the β–grasp and OB-fold domain tertiary structure of superantigens
(TSST-1, PBD accession number 2TSS) conserved in superantigen-like proteins (SSL5,
PBD accession number 2R61; SSL7, PBD accession number 1V10). Structure
representation is coloured according to protein secondary structure with α-helices in
brown and β-sheets in green. Image was generated using MacPyMOL
(http://www.pymol.org).

1.4.2.1

Carbohydrate-binding SSLs

Based on sequence homology, the SSLs can be grouped into distinct families (Figure
1.6). SSL2 - SSL6 and SSL11 share conserved residues of carbohydrate binding in their
C-terminal domain (Langley et al., 2010). Of this subfamily of carbohydrate-binding
SSLs, SSL5 and SSL11 have each been co-crystallised together with sialyl Lewis X
(sLex) (Baker et al., 2007; Chung et al., 2007).
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The co-crystal structure of SSL11 with sLex confirmed the carbohydrate-binding site,
with sLex tightly fitting into a V-shaped depression in the C-terminal ß-grasp domain
(Chung et al., 2007). Accordingly SSL11 binds sialic acid-containing glycoproteins,
such as the human IgA receptor FcαRI and P-selectin glycoprotein ligand-1 (PSGL-1),
thereby inhibiting P-selectin mediated neutrophil adhesion. Additionally, SSL11 has
been reported to directly interact with myeloid cells and is rapidly internalised by
neutrophils, where it is thought to interfere with actin polymerisation (Chung et al.,
2007).
The independently solved co-crystal structure of SSL5 revealed a comparable protein
interaction with sLeX, sharing the same binding site and key residues with SSL11
(Baker et al., 2007). Mutation of a single amino acid within this key region has been
shown to be sufficient to abolish binding (Chung et al., 2007). SSL5 has been found to
bind with a micromolar affinity to PSGL-l, the principal ligand for P-selectin
(Bestebroer et al., 2007). Inhibiting this interaction between P-selectin and PSGL-1
strongly interferes with neutrophil rolling and adhesion to activated human endothelial
cells. S. aureus therefore likely uses SSL5 and SSL11 to avoid clearance from the site
of infection, blocking the initial interaction of neutrophils to the vassal endothelials and
hence preventing extravasation towards the site of infection.
Recently SSL5 has been shown to also block the adherence and extravasation of
leukocytes as well as inhibiting the release of chemokines and anaphylatoxins. SSL5
thus targets several stages of the initial immune response to S. aureus by blocking not
only initial adherence and extravasation of innate immune cells, but also subsequently
inhibits immune cell activation and chemotaxis to the site of infection (Bestebroer et al.,
2009). Additionally SSL5 activates platelets and increases adhesion and aggregation at
the site of injury, assisting S. aureus in the colonisation of subendothelial tissue (De
Haas et al., 2009). Furthermore, SSL5 was also found to bind and inhibit the matrix
metalloproteinase 9 (MMP-9), an enzyme that has been postulated to play a role in
neutrophil transmigration through extracellular matrix to the site of infection (Itoh et al.,
2010).
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Figure 1.6: Comparison of the staphylococcal superantigen-like protein family
with TSST-1
Bootstrap tree alignment of amino acid sequences of the SSL family and the
staphylococcal superantigen TSST, using Clustal X.92. Based on amino acid homology,
three clusters within the SSL family can be distinct; carbohydrate binding SSLs (dashed
box), immuno-modulating SSLs (black box), and those found in the immune evasion
cluster with other staphylococcal evasion proteins (grey box). Figure adapted from
(Langley et al., 2010).

Sequence alignment of SSL4 with SSL5 and SSL11 shows high degree of conservation
(26 of 34 residues) in the carbohydrate-binding region (Baker et al., 2007), and
accordingly SSL4 has been demonstrated to bind carbohydrates (personal
correspondence Stefan Hermans).
Similarly, SSL3 recently has been shown to also bind neutrophils in a sialic-acid
dependent manner and to inhibit neutrophil attachment to P-selectin coated surfaces
through interaction with PSGL-1, as well as inhibiting the interaction between FcαRI
and IgA. Furthermore, SSL3 inhibits pepsin-mediated cleavage of lactoferrin to
lactoferricin, a potent antimicrobial peptide. Uptake of SSL3 into granule-like structures
suggests that this may represent a mechanism to target stored lactoferrin, hindering
lactoferricin release (Jackson, 2009). Moreover, independent of sLex SSL3 binds to
human and murine toll like receptor 2 (TLR2), thereby inhibiting TLR2-ligand
mediated cytokine release from macrophages (Yokoyama et al., 2012).
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This carbohydrate-binding subgroup of SSLs is expected to share the ability to target
human cells through binding of sialylated glycans, particularly glycans with terminal
sialyl-lactosamine units (Baker et al., 2007).
1.4.2.2

Immuno-modulating SSLs

Based on sequence alignment a second cluster of SSLs can be distinguished, containing
SSL7 – SSL10 (Figure 1.6). Members of this SSL family have been found to interact
with immunoglobulins and complement components, modulating the immune response
to S. aureus.
SSL9 and SSL10 have been shown to inhibit complement, preventing activity of the
classical and MBL pathways, while also exhibiting anti-opsonic and anti-phagocytic
activity (Jackson, 2009; Patel, 2011). SSL10 inhibits complement through direct
interaction with C4 (Patel, 2011), while it is suggested that independent binding sites
for C2 and C4 on SSL9 provide a high affinity interaction with the intermediate C4bC2
complex, which inhibits the activation of the complex into the active C3 convertase
C4b2b (Jackson, 2009).
SSL7 directly binds to complement C5 and inhibits complement-mediated hemolysis
and serum killing of Gram-negative bacteria. Binding of C5 by SSL7 is mediated
through the β-grasp domain, while binding of IgA has been found to occur through the
OB-fold domain (Langley et al., 2005).
Immunoglobulin binding has also been shown for SSL10, which binds with high
specificity to human IgG1, thereby blocking FcγR recognition on monocytes, as well as
IgG-mediated phagocytosis by neutrophils (Patel et al., 2010).

1.4.2.2.1 Cellular Interactions
SSL7 and SSL9 target professional antigen presenting cells such as dendritic cells (DC)
and monocytes, initiating uptake and internalisation by these cells (Al-Shangiti et al.,
2004). Interestingly SSL7 and SSL9 have not been observed to alter the morphology of
these cells nor do they cause activation and maturation of DCs and the exact
implications of this interaction still require in depth investigations. No alteration in the
antigen presentation activity and function of the DC has been observed, but the uptake
of SSL7 and SSL9 is sufficient to stimulate a specific T-cell response in healthy
individuals (Al-Shangiti et al., 2005).
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1.4.3 Staphylococcus Superantigen-like Protein 7
The ssl gene cluster is present in all S. aureus strains investigated to date, but varies in
its individual gene composition (Fitzgerald et al., 2003). The ssl7 gene has been found
in nearly all S. aureus strains investigated, including 90 % of clinical isolates and all
tested animal strains (42 cow isolates, 1 sheep isolate, 4 goat isolates, 3 rabbit isolates
and 2 chicken isolates) (Williams et al., 2000; Fitzgerald et al., 2003; Smyth et al.,
2007; Monecke et al., 2008).
The crystal structure of SSL7 confirmed the close structural homology to superantigens,
with two distinct domains. The N-terminal OB-fold consists of a β-barrels, while the Cterminal β-grasp domain is made up of a series of β-strands wrapped around a helix (AlShangiti et al., 2004).
SSL7 binds with a high affinity to human monomeric serum and mucosal IgA, thereby
obstructing the IgA Fc interaction with the FcαRI receptor and consequently interfering
with IgA mediated immunity (Langley et al., 2005; Wines et al., 2006; Ramsland et al.,
2007). The co-crystal structure of SSL7 in complex with the Fc part of human IgA1
shows a specific interaction between the OB-folds of two SSL7 molecules and the
Cα2/Cα3 of each IgA chain of the IgA-Fc homodimer. Site-directed mutagenesis of
SSL7 confirmed three key residues (N38T, L79A, and P82A), each reducing the affinity
for IgA binding at least 35-fold (Ramsland et al., 2007). Recombinant SSL7 containing
all three of these mutations in the OB-domain (SSL7.N38Y.L79A.P82A) completely
lacks the ability to bind IgA (Hermans, 2008).
SSL7 interacts with complement C5 and inhibits complement mediated haemolysis and
serum bactericidal activity (Langley et al., 2005). The C-terminal β-grasp is exclusively
responsible for C5 binding by SSL7 and a single mutation (SSL7.D117K) results in a
loss of function (Hermans, 2008). The high affinity interaction between SSL7 and C5
has been used in a chromatography based purification method for C5 (Lorenz, 2008).
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1.5

RESEARCH AIMS

This research is part of a wider research project that aims to characterise members of the
SSL family, to enhance the understanding of S. aureus targets in host defence and
mechanisms of immune evasion. A detailed understanding of these virulence
mechanisms could lead to the identification of new therapeutic approaches.
The ability of SSL7 to bind to human IgA and complement C5 has been reported
previously. The aim of this research is
•

to generate tools, such as recombinant protein and bacterial strains, to
functionally characterise SSL7

•

to further characterise the interaction of SSL7 with C5 and IgA and to
characterise the complex formation between all three molecules

•

to analyse the interaction of SSL7 wt and mutants with C5 and examine their
effect on C5 cleavage

•

to investigate the consequences of the interaction of SSL7 wt and mutants with
C5 on complement effector function and innate immune response

to develop a murine model of peritoneal inflammation and use it to investigate whether
the influence of SSL7 on complement effector functions in vitro translate into an effect
on the immense more complex immune response in vivo.
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Chapter 2 Material and Methods
2.1

MATERIALS

2.1.1 Molecular Biology
Chemical reagents were purchased from BDH unless otherwise stated. Solutions were
prepared with ddH2O and filter sterilised (0.22 µm pore size, Millipore) or autoclaved at
121 ºC, 15 psi.
2.1.1.1

Reagents

S. aureus lysis buffer

50 mM Tris:HCL, pH 7.4 / 150 mM NaCl / 20 mM
EDTA / 0.5 % (w/v) SDS / 50 µg/ml lysostaphin (Sigma
Aldrich) / 50 µg/ml DNAse-free RNAse A (Roche)

L. lactis lysis buffer

50 mM Tris:HCL, pH 7.4 / 150 mM NaCl / 20 mM
EDTA / 0.5 % (w/v) SDS / 0.05 U/ml mutanolysin
(Sigma Aldrich) / 50 µg/ml DNAse-free RNAse A
(Roche)

Solution I

50 mM glucose / 10 mM EDTA / 25 mM Tris:HCl, pH
8.0

Solution II

200 mM NaOH / 1 % (w/v) SDS

Solution III

3 M potassium acetate / 11.5 % (v/v) glacial acetic acid

10 x PCR Buffer:

100 mM Tris:HCl, pH 9.0 / 500 mM KCl (Merck) / 0.1
% Triton X-100

TAE

40 mM Tris:HCl, pH 8.0 / 2 mM EDTA / 0.1% (v/v)
glacial acetic acid

10x DNA loading dye

TAE / 30 % (v/v) glycerol / 0.25 % (w/v) bromophenol
blue / 0.25 % (w/v) xylene cyanol (Serva)

TE

10 mM Tris:HCl, pH 8.0 / 1 mM EDTA
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TFB I

100 mM RbCl / 10 mM CaCl2 / 50 mM MgCl2 / 30 mM
potassium acetate / 15 % (v/v) glycerol / pH adjusted to
5.8 with 0.2 M acetic acid

TFB II

10 mM MOPS, pH 7.0 / 10 mM RbCl / 10 mM CaCl2 /
15 % (v/v) glycerol

2.1.1.2

Plasmids

Plasmid vector for DNA manipulation and protein expression used in this thesis.
Table 2.1:

Plasmids used for DNA manipulation and protein expression

Vector

Selection Marker

Source

Characteristics

pET32a.3C

Ampicillin

Novagen
Modified by Dr.
Ries Langley,
University of
Auckland, New
Zealand

E. coli expression vector,
with a 3C protease cleavage
site 5’ to the multiple
cloning
site
and
the
thioredoxin gene. The vector
additionally includes an Nterminal polyhistidine-tag.

pDONR221

Chloramphenicol,
Kanamycin

Invitrogen

E. coli entry vector for
Gateway® cloning

pOri23T

Erythromycin

Thomas Proft,
University of
Auckland, New
Zealand

Modified from the L. lactis
expression vector pOri23 to
include an S. pyogenes
terminator region (Chang et
al., 2011)

This study

Modified
L.
lactis
expression vector pOri23T
vector to include ssl7

pORi23T:ssl7+ Erythromycin
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2.1.1.3

Primers

Oligonucleotide primers used for the cloning of SSL7 and site-directed mutagenesis.
Table 2.2: Oligonucleotide primer sequences
All primers were ordered from Sigma-Genosys, Australia. The restriction enzyme
recognition or ligation sites are underlined.
Name

Sequence 5’ – 3’

Restriction /
Ligation site

Annealing
temperature

Source

SSL7 Fwd

CGGGATCCAAAGAAAAG
CAAGAGAGAG

BamHI

72 °C

(Gordon,
2008)

SSL7 R HIII

GGCCCCAAGCTTTTAAAT
HindIII
TTGTTTCAAAGTCAC

74.5 °C

(Gordon,
2008)

SSL7.D117K
Fwd

GGAAATTTAAAGGCATC
AATTGACTCATTTTC

n/a

52 °C

(Hermans,
2008)

SSL7.D117K
Rev

CAATTGATGCCTTTAAAT
TTCCGCCATACAC

n/a

54 °C

(Hermans,
2008)

SSL7 B1F

GGGGACAAGTTTGTACA
AAAAAGCAGGCTTTAAG
ATTGGAGCAAATAAATA
TGAAATTAAAAACGTTA
GCTAAAGC

attB1

54 °C

This study

SSL7 B2R

GGGGACCACTTTGTACA
AGAAAGCTGGGTTTAAA
TTTGTTTCAAAGTCA

attB2

54 °C

This study

S-Tag

GAACGCCAGCACATGGA
C

n/a

n/a

Fraser
group

T7R

GCTAGTTATTGCTCAGCG
G

n/a

n/a

Fraser
group
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2.1.1.4

Bacterial Strains and Isolates

Bacterial strains and isolates used during this study.

S. aureus

E. coli

Table 2.3:

Summary of bacterial strains and isolates
Strain

Characteristics

Source

DH5α

Cloning strain

ATCC

AD494(DE3)pLysS

Fusion protein expression
strain, thioredoxin
reductase deficient,
kanamycin and
chloramphenicol resistant

Novagen

AD494(DE3)pLysS:ssl7

Strain expressing
SSL7:thioredoxin fusion
protein

This study

AD494(DE3)pLysS:ssl7.D117K Strain expressing SSL7
C5-:thioredoxin fusion
protein

This study

AD494(DE3)pLysS:ssl7.
N38Y.L79A.P82A

Strain expressing SSL7
IgA-:thioredoxin fusion
protein

(Hermans,
2008)

AD494(DE3)pLysS:ssl7.
N38Y.L79A.P82A.D117K

Strain expressing SSL7
IgA-C5-:thioredoxin
fusion protein

(Hermans,
2008)

Wood 46

Protein A deficient

ERS Culture
Collection,
New Zealand

Newman

Laboratory strain

Dr. Eric
Skaar,
Vanderbilt
University

Newman spA-

The spA- mutation was
transduced by infection
with a phage lysate of S.
aureus SA113 Dspa::ery
(Cheung et al., 1992)

Dr. Silva
Holtfretter,
University of
Auckland

JSNZ

Mouse adapted strain
isolated from the Vernon
Janson Unit, University
of Auckland

Dr. Fiona
Radcliff,
University of
Auckland
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S. aureus

Strain

Characteristics

Source

M8

Clinical isolate from a
bacteraemia patient at the
Auckland Hospital

(Ritchie,
2010)

M12

Clinical isolate from a
bacteraemia patient at the
Auckland Hospital

(Ritchie,
2010)

A30

Clinical isolate from a
bacteraemia patient at the
Middlemore Hospital,
Auckland, New Zealand

(Ritchie,
2010)

M44

Clinical isolate from a
bacteraemia patient at the
Middlemore Hospital,
Auckland, New Zealand

(Ritchie,
2010)

L. lactis

MG1363

pOri23T

L. lactis MG1363
This study
carrying a pOri23T vector

pORi23T:ssl7+

L. lactis MG1363
carrying a pORi23T:ssl7+
vector

SF370

S. pyogenes
2.1.1.5

Nicolas
Heng, Otago
University,
Dunedin,
New Zealand

This study

Prof. Thomas
Proft,
University of
Auckland,
New Zealand

Bacterial Growth Media

Luria-Bertani (LB)

1 % (w/v) NaCl / 1 % (w/v) bacto tryptone (Oxoid) /
0.5 % (w/v) bacto yeast extract (Oxoid)

GM17

M17

(Fort

Richard)

prepared

according

to

manufacturer’s instructions / 0.5 % (w/v) glucose
Agar plates

Growth media prepared as outlined above / 1.5 % (w/v)
bacto agar (Becton Dickinson)
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2.1.1.6

Selective Antibiotics

Ampicillin

Final concentration:

50 µg/ml

Chloramphenicol

Final concentration:

34 µg/ml

Kanamycin

Final concentration:

15 µg/ml

Erythromycine

Final concentration:

5 µg/ml (L. lactis cultures)
250 µg/ml (E. coli cultures)

2.1.2 Protein Expression
2.1.2.1

Reagents

NTA buffer I

50 mM NaHPO4 pH 8.0 / 300 mM NaCl / 10 mM
imidazole / 10% (v/v) glycerol

NTA buffer II

50 mM NaHPO4, pH 8.0 / 300 mM NaCl / 100 mM
imidazole / 10 % (v/v) glycerol

NTA III

50 mM NaHPO4, pH 8.0 / 300 mM NaCl

SDS-PAGE Solution A

30 % (w/v) acrylamide / 0.8 % (v/v) bisacrylamide
(Biorad, USA)

SDS-PAGE Solution B

0.4 % (w/v) SDS / 1.5 M Tris HCl pH 8.8

SDS-PAGE Solution C

0.4 % (w/v) SDS / 0.5 M Tris HCl pH 6.8

SDS-PAGE loading dye

20 % (v/v) glycerol / 4.1 % (v/v) SDS / 300 mM β-

(2x)

mercaptoethanol (Sigma Aldrich) / 1.8 % (w/v)
bromophenol blue / 125 mM Tris HCl, pH 6.8

SDS-PAGE running buffer

250 mM glycine / 0.1 % (w/v) SDS / 25 mM Tris HCl,
pH 8.0

Coomassie Brilliant Blue

0.06 % (w/v) Brilliant Blue R-250 (Sigma Aldrich) / 50

stain

% (v/v) ethanol / 7.5 % (v/v) acetic acid

Coomassie destain

25 % (v/v) ethanol / 8 % (v/v) acetic acid
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Towbin Western Transfer

192 mM glycine / 0.37 % (w/v) SDS / 20 % (v/v)

buffer

methanol / 25 mM Tris:HCl, pH 8.3

Tris-buffered saline (TBS)

120 mM NaCl / 10 mM Tris:HCl, pH 8.0

TBS-T

TBS, 0.1 % (v/v) Tween 20

2.1.3 Functional Analysis
2.1.3.1

Reagents

ELISA coating buffer

15 mM Na2CO3 / 35 mM NaHCO3 / 0.01 %
NaN3, pH 9.6

Blocking buffer

1 % BSA / 0.05 % (v/v) Tween / PBS, pH 7.4

ELISA developing solution

50 mM citric acid / 100 mM Na2HPO4 / 0.012 %
H2 O2

/

5

mg/ml

o-phenylenediamine

dihydrochloride
Phosphate-buffered Saline (PBS)

120 mM NaCl / 10 mM Na2HPO4 / 1.76 mM
KH2PO4 / 2.7 mM KCl, pH 7.4 or pH 8.0

PBS-T

PBS pH 7.4, 0.05 % (v/v) Tween 20

GHBMg/EGTA

150 mM NaCl / 20 mM Hepes, pH 7.35 / 0.1 %
(w/v) gelatine, bovine skin type B / 5 mM KCl / 2
mM MgCl2, 0.2 mM EGTA

C5b-9 formation assay buffer

150 mM NaCl / 20 mM Hepes, pH 7.4 / 0.1 %
(w/v) gelatine, bovine skin type B / 5 mM KCl / 1
mM CaCl2 / 2 mM MgCl2

Neutrophil activation buffer A

150 mM NaCl / 5 mM KCl / 10 mM Hepes, pH
7.4 / 10 mM glucose / 1 mM MgCl2 / 1 mM CaCl2
/ 1 % (w/v) BSA

Neutrophil activation buffer B

150 mM NaCl / 5 mM KCl / 10 mM Hepes, pH
7.4 / 10 mM glucose / 1 mM MgCl2

Neutrophil phagocytosis buffer

150 mM NaCl / 5 mM KCl / 1 mM MgCl2 / 1 mM
CaCl2 / 20 mM Hepes, pH 7.4 / 10 mM glucose

pHrodo buffer

HBSS / 20 mM Hepes, pH 7.4
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Neutrophil migration buffer

RPMI-1640 / 20 % FCS and HBSS (Sigma)
combined in equal parts

2.1.3.2

Antibodies

Antibodies and secondary reagents used in this study.
Table 2.4:

Summary of commercial primary and secondary antibodies
Species

Source

Mouse

R&D Systems

Dilution /
Concentration
2 µg/ml

Anti-human C5a

Rabbit

Calbiochem,

1:5000

Anti-human C5b-9

Mouse

AbCam

1 µg/ml

Anti-mouse CD45-PE

Rat

BD

0.5 µg/ml

Rat

BD Pharmingen

1 µg/ml

Rat

BD Pharmingen

0.25 µg/ml

Anti-rabbit IgG:HRP

Goat

Dako

1:2000

Anti-mouse IgG:HRP

Goat

Dako

1:2000

Strepavidin:HRP

n/a

BD Pharmingen

1:1000

Anti-human C5a
(Clone 295003)

(clone 30-F11)
Anti-mouse C5a
(clone I52-1486)
Anti-mouse C5a:biotin
(clone I52-278)

2.1.4 In Vivo Assays
2.1.4.1

Reagents

FACS buffer

2% FCS / 0.02% NaN3 / PBS, pH 7.4

Harvest solution

0.02 % EDTA, PBS pH 7.4
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2.1.5 Cell Culture
2.1.5.1

Reagents

RPMI 1640

Roswell Park Memorial Institute media 1640, pH 7.4
(Invitrogen) prepared according to manufacturer’s
instructions with 1.5 mg/mL sodium bicarbonate

Complete RPMI (cRPMI)

RPMI 1640 / 10 mM Hepes / 1 mM sodium pyruvate
(Invitrogen) / 14 µM folic acid (Invitrogen) / 1x PSG
(100 units penicillin, 100 µg streptomycin, 0.292 µg/ml
L-glutamine) (Invitrogen) / 770 µM L-asparagine
(Invitrogen) / 200 µM L-arginine (Invitrogen) / 55 µM
β-mercaptoethanol

Fetal calf serum (FCS)

Fetal calf serum (Invitrogen), heat inactivated (30 min
at 56 °C), filter sterilised

Sp2/0 media

RPMI 1640 / 1x PSG / 10 % FCS

Ammonium chloride

140 mM NH4Cl / 20mM TrisHCl, pH 7.2

solution
50% polyethylene glycol

PEG 4000 (Sigma) combined with an equal volume of

(PEG)

serum-free RPMI 1640

cRPMI-20

cRPMI / 20 % (v/v) FCS

cRPMI-20-HAT

cRPMI / 20 % (v/v) FCS / HAT (100 µM hypoxanthine
/ 0.4 µM aminopterin / 16 µM thymidine) (Sigma
Aldrich)

Cloning medium

cRPMI / 20 mM Hepes / 110 µg/ml sodium pyruvate
conditioned with BALB/c thymocytes for 4 to 5 days at
37 °C, 5 % CO2. Supernatant was filter sterilised prior
to storage at -20 °C until use. Typically one murine
thymus was used to condition 20 ml of cloning media.

Expansion medium

cRPMI / 20 % (v/v) FCS / 20 % cloning medium
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2.1.5.2

Cell Line

Cell line used for the generation of hybridomas during the production of monoclonal
anti-SSL7 antibodies.
Table 2.5:
Name

Summary of cell line characteristics
Cell type

Details

Sp2/0-Ag14 Mouse B- Commercially available cell line; originally generated
lymphocytes through the fusion of BALB/c splenocytes with
hybridoma
P3X63Ag8 myeloma cells; fusion partner of somatic cell
hybrids
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2.2

MOLECULAR BIOLOGY METHODS

2.2.1 DNA Extraction and Purification
2.2.1.1

Bacterial Genomic DNA Extraction

S. aureus was grown overnight in 5 ml LB broth at 37 ºC with agitation (200 rpm).
Bacteria were pelleted by centrifugation for 5 min at 4000 g, resuspended in 500 µl S.
aureus lysis buffer and incubated at 37 ºC for 30 min. An equal volume of phenol
(Sigma Aldrich) was added to the lysate and thoroughly mixed by inversion, before
centrifugation at 16 000 g for 10 min at 4 °C. The genomic DNA containing upper
aqueous phase was collected, combined with 1:1 phenol:chloroform (Merck) and spun
for 10 min at 16 000 g at 4 °C. The phenol:chloroform extraction was repeated once
more before the aqueous upper phase was transferred to a clean tube and genomic DNA
was precipitated with 0.1 volumes of 3 M sodium acetate pH 5.4 and 2 volumes of pure
ethanol (Merck) for 5 min at RT. Genomic DNA was collected though centrifugation
for 10 min at 16 000 g. Supernatants were discarded, the DNA pellet washed once with
70 % ethanol, allowed to air dry briefly and resuspended in 50 µl sterile H2O.
Genomic DNA was extracted from L. lactis as outlined above, however L. lactis was
grown in GM17 and pelleted bacteria resuspended in L. lactis lysis buffer.
2.2.1.2

Plasmid Extraction by Alkaline Lysis

Cultures of bacteria containing the plasmid of interest were grown O/N at 37 °C with
agitation (200 rpm) in 5 ml LB broth containing the appropriate antibiotics. The
following day, bacteria were recovered by centrifugation at 16 000 g for 1 min and the
supernatants were discarded. The pellet was resuspended in 200 µl Solution I and lysed
throught the addition of 200 µl Solution II. The mix was immediately neutralised
through the addition of 200 µl Solution III and chromosomal DNA was precipitated by
several inversions. Cellular debris and bacterial chromosomal DNA were removed from
the solution by centrifugation for 15 min at 16 000 g and the plasmid containing
supernatant was moved into a clean tube. Plasmid DNA was precipitated with 1 ml of
100 % ethanol for 5 min at RT and pelleted by centrifugation at 16 000 g for 10 min.
DNA was washed once with 70 % ethanol, air dried for 5 min and resuspended in 25 µl
sterile MilliQ H2O.
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Plasmid DNA was incubated with 10 µg/ml DNase-free RNase A for 30 min at 37 °C to
remove contaminating RNA and plasmid further cleaned up with a Zyppy Plasmid
Preparation Kit as per manufacturers instructions (Zymo Research).
2.2.2 DNA Amplification by Polymerase Chain Reaction (PCR)
PCRs were performed in a DNA Mastercycler (Eppendorf). DNA from a bacterial
colony or purified template DNA was amplified with Taq DNA polymerase (produced
in E. coli by Prof. John Fraser, University of Auckland). PCRs were performed in 50 µl
reaction volume containing ~ 1 µg template DNA, 1x PCR buffer, 2.5 mM MgCl2, 0.2
mM of each dNTP (Bioline), 0.5 µM of forward and reverse primer each and 5 units of
Taq DNA polymerase. DNA was initially denatured at 95 °C for 3 min, followed by 20
cycles of denaturation at 94 °C for 30 s, annealing at the appropriate temperature (see
Table 2.2) for 1 min, elongation at 72 °C for 1 min. A final elongation step at 72 °C for
5 min was performed at the end prior to cooling to 4 °C. For colony PCR screenings,
the total reaction volume was reduced to 25 µl and the number of cycles limited to 15.
2.2.3 DNA Analysis and Purification
PCR and DNA products were prepared to contain 1x DNA loading dye and analysed by
1 % (w/v) agarose gel electrophoresis at 100 V for 30 min in TAE. DNA was detected
by staining for 10 min with 5 µg/ml ethidium bromide (Promega) in TAE buffer and
visualised by UV fluorescence using a GelDoc 2000 (Bio-Rad). Product sizes
determined by comparison to 1 Kb Plus DNA ladder (Invitrogen) run in parallel.
DNA products were cleaned up using Zyppy DNA Clean and Concentration Kit (Zymo
Research).
2.2.4 Ligation and Transformation
2.2.4.1

Restriction Endonuclease Digestion and Ligation

DNA digestion with restriction enzymes was performed with supplied buffers and
according to manufacturer’s instructions. In brief, purified plasmid and cleaned PCR
product were double digested with 10 units BamHI (Roche) and HindIII (Roche) in
buffer B (Roche) for 1 h at 37 °C in a total volume of 50 µl. Digested plasmid and PCR
product were cleaned with DNA Clean and Concentrate Kit as per manufacturers
instructions (Zymo Research) and 1 part vector to 3 parts insert combined in a total
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volume of 10 µl with 1 µl T4 DNA ligase (Roche) and 1 µl 10x ligation buffer. Ligation
mixture was incubated O/N at RT.
2.2.4.2

Gateway® Ligation

For expression of SSL7 by L. lactis, the Gateway® reactions were applied according to
manufacturer’s instructions. Amplified PCR product (75 ng) was combined with 75 ng
pDONR221 vector, 1 µl BP Clonase II (Invitrogen) and TE added until a total reaction
volume of 4 µl was reached. The reaction was incubated O/N at 25 °C and stopped the
following day through the addition of 0.5 µg/ml Proteinase K (Sigma Aldrich), mixing
by brief vortexing and incubation at 37 °C for 10 min followed by 2 min on ice. The
ligation product was immediately transformed into E. coli DH5α (refer to section
2.2.4.4), transformants screened for the presence of plasmid the following day by
colony PCR (see section 2.2.2) and plasmids purified from positive clones with Zyppy
Plasmid Preparation Kit following manufacturers instructions (Zymo Research). The
ssl7 gene was assembled in the destination vector pOri23T by in vitro recombination.
The pOri23T vector (10 fmol) was combined with 5 fmol pDONR221:ssl7+, 1 µg LR
Clonase II and reaction mixture added up to a total volume of 4 µl with TE, pH 8.0 and
incubated for minimum of 16 h at 25 °C. The reaction was stopped through the addition
of 0.5 µg/ml Proteinase K and incubation for 10 min at 37 °C. Vector was transformed
into E. coli DH5α (refer to section 2.2.4.4), screened by colony PCR (see section 2.2.2),
and plasmid extracted for electroporation into L. lactis (section 2.2.1.2 and 2.2.4.6,
respectively).
2.2.4.3

Preparation of Chemically Competent E. coli

E. coli DH5α or AD494(DE3)pLysS was grown O/N in 5 ml LB containing 20 mM
MgCl2 and 10 mM KCl at 37 °C with agitation (200 rpm). For AD494(DE3)pLysS
growth, media was additionally supplemented with 15 µg/mL kanamycin and 34 µg/mL
chloromphenicol (Sigma Aldrich). On the following day 100 ml LB broth,
supplemented as above for each strain, was inoculated with 1 ml O/N culture and
incubated at 37 °C with agitation (200 rpm) until the bacterial culture reached a density
of OD600nm = 0.3 – 0.4. Bacteria were pelleted by centrifugation for 10 min at 4000 g at
4 °C, carefully resuspended in 50 ml ice-cold TFB I and incubated on ice for 10 min
before centrifugation at 4000 g for 10 min at 4 °C. Bacteria were gently resuspended in
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4 ml ice-cold TFB II, aliquoted into sterile tubes and snap frozen in an ethanol-dry ice
bath. Chemically competent cells were stored at -80 °C until required.
2.2.4.4

Transformation of Chemically Competent E. coli

Chemically competent E. coli cells (DH5α or AD494(DE3)pLysS) (50 µl) were thawed
on ice and incubated with 5 µl plasmid DNA for 10 min on ice. Bacteria were heatshocked at 42 °C for 45 s and immediately placed back on ice for a further 5 min
incubation. Bacteria were allowed to recover through the addition of 945 µl pre-warmed
LB and incubation at 37 °C for 30 min. Bacteria were centrifuged at 5500 g for 10 min,
resuspended in a volume of 100 µl LB, plated on LB agar plates containing the
appropriate antibiotics and incubated at 37 °C O/N.
2.2.4.5

Preparation of Electrocompetent L. lactis

The preparation of electrocompetent L. lactis was based on a previously published
method (Mcintyre and Harlander, 1989). GM17 was inoculated with a single colony L.
lactis, overlaid with CO2 by briefly waving dry ice over the culture, sealed with
parafilm (Pechiney) and incubated O/N at 32 °C without agitation. The following day,
the overnight culture (140 µl) was used to inoculate a fresh 14 ml GM17 culture, which
was CO2 covered and sealed as before and incubated at 32 °C without agitation. The
following morning 50 ml RPMI 1640 was inoculated with 2.5 ml of overnight culture,
covered with CO2, sealed and grown at 32 °C until stationary phase was reached
(OD600nm ~ 1.2). Bacterial cells were collected by centrifugation at 5500 g for 10 min at
4 °C. L. lactis was washed twice in 10 ml and once in 1 ml of ice-cold ddH2O, followed
by centrifugation at 5500 g for 10 min at 4 °C before the resulting cell pellet was
resuspended in 1.25 ml ice-cold ddH2O to an approximate final concentration of 5 x
1010 CFU /ml. Electrocompetent cells were used for electroporation within 2 h of
preparation or aliquoted (100 µl) and snap frozen in a ethanol and dry ice bath prior to
short term storage at -80 °C for up to one month.
2.2.4.6

Electroporation of Electrocompetent L. lactis

Electroporation cuvettes (2 mm) were chilled on ice for 15 min prior to use. Purified
plasmid DNA (1 µg) was added to 75 µl electrocompetent L. lactis cell suspension and
transferred into the electroporation cuvettes, followed by incubation for 5 min on ice.
Electroporation was performed with a GenePulser Xcell (Biorad) at 900 V (E = 17
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kV/cm) for 5 ms. Immediately after electroporation 800 µl pre-warmed GM17 was
added, cells transferred into a microtube and incubated for 2 h at 32 °C, overlaid with
CO2. The undiluted and a 1:100 dilution was spread onto GM17 / 5 µg/ml erythromycin
plates before incubation for 48 h at 32 °C. Colony PCR was used to check for positive
transformants.
2.2.5 Plasmid Analysis by Sequencing
Sequences were confirmed by the Alan Wilson Centre for Genomics and Proteomics,
Massey University, Auckland, New Zealand. Primers routinely used for sequencing
were S-Tag and T7R (Table 2.2) for inserts ligated into the expression vector
pET32a.3C and SSL7 Fwd and SSL7 R HIII (Table 2.2) for inserts ligated into the
pDONR221.
Resulting sequences were analysed using 4Peaks software (Mekentosj), identified using
BLAST (http://blast.ncbi.nlm.nih.gov/) and aligned to published or confirmed
sequences with ClustralW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/).
2.2.6 Heat-killing of S. aureus
S. aureus was grown in 5 ml LB O/N at 37 °C with 200 rpm agitation. The following
day 20 ml LB was inoculated 1:100 and grown to ~1 x 108 CFU/ml (OD600nm ~ 0.4).
Bacterial culture was incubated at 60 – 65 °C for 30 min before bacteria were pelleted
by centrifugation for 5 min at 5500 g at RT. Supernatant was discarded and bacteria
washed in PBS, pH 7.4 twice before resuspension in assay buffer. For short term
storage, heat-killed S. aureus was resuspended at 1 x 108 CFU/ml, divided into 1 ml
aliquots and centrifuged for 5 min at 5500 g at RT. Supernatants were discarded and
pellets stored at -20 °C. A sample of heat-killed bacteria was plated on LB agar and
incubated O/N at 37 °C to eliminate the possibility of residual viability.
2.2.7 Protein Expression and Purification
2.2.7.1

Protein Expression

Frozen bacteria stocks were plated onto LB agar plates containing 50 µg/ml ampicillin,
34 µg/ml chloramphenicol, and 15 µg/ml kanamycin and incubated at 37 °C O/N. A
single colony was picked to inoculate 100 ml LB containing antibiotics as stated above,
and culture was incubated O/N at 37 °C with agitation (200 rpm). The overnight culture
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was added to 900 ml LB containing antibiotics as above and bacteria were grown for 1
h at 37 °C with agitation (200 rpm) before protein expression was induced with the
addition of 0.1 mM of isopropylthio-β-galactosodase (IPTG) (Sigma Aldrich) and
culture incubated for a further 4 h at 37 °C with shaking (200 rpm). Bacteria were
pelleted by centrifugation at 5500 g for 45 min at 4 °C. The supernatant was discarded,
the pellet resuspended in NTA buffer I containing 1 % (v/v) triton X-100 and 0.1 mM
phenylmethanesulfonyl fluoride (PMSF) and the suspension was stored at -80 °C. The
following day bacteria were lysed by sonication on ice with two 1 min bursts at power
level 6 with a 75 % pulse using a Misonix XL2015 sonicator. Bacterial debris was
pelleted by centrifugation at 16 000 g for 10 min and the supernatant retained for
protein isolation.
2.2.7.2

Protein Purification by Nickel Affinity Chromatography

Bacterial lysate was passed over a nickel iminodiacetic acid (IDA)-sepharose column
equilibrated with NTA buffer I, trapping the thioredoxin-SSL7 fusion protein on the
column via the N-terminal poly-histidine tag. Column resin was washed with ~ 10
column volumes of NTA buffer I and fusion protein eluted with one column volume of
NTA buffer II. Eluted fusion protein was cleaved with 3 µg 3C protease (produced as a
recombinant protein in house) per estimated mg of fusion protein and 1.5 mM DTT O/N
at 4 °C. Complete cleavage was confirmed by 12.5 % SDS-PAGE analysis and proteins
dialysed into NTA III for 4 h or O/N at 4 °C. Cleaved SSL7 wt and mutant protein was
isolated from thioredoxin by passing the solution over an nickel-IDA column once
more. SSL7 wt or mutant protein was collected in the flow through and washed through
with one further column volume of NTA III / 5 mM imidazole. The column was
stripped of the thioredoxin by washing with two column volumes NTA II and one
column volume NTA III / 1 M imidazole, before storage in NTA III / 0.05 % NaN3.
Elutions were analysed on a 12.5 % SDS-PAGE gel and SSL7 containing fractions
dialysed into 20 mM phosphate buffer pH 6.8 O/N at 4 °C.
2.2.7.3

Ion Exchange Chromatography

Further purification of SSL7 from thioredoxin contaminations was performed using ion
exchange chromatography on an ÄKTA FPLC over a MonoS 5/50 GL column (both
GE Healthcare). The column was equilibrated with five column volumes of running
buffer (20 mM NaPO4, pH 6.5) at a flow rate of 1 ml/min before protein was loaded
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onto the column. The column was washed with a further ten column volumes of running
buffer and bound SSL7 was eluted using a salt gradient up to 150 mM NaCl over five
column volumes. Typically SSL7 eluted around 115 mM NaCl.
UNICORN control software (GE Healthcare) was used to control and monitor protein
purification. Protein yields were quantified by UV spectrometry (NanoDrop 2000,
Thermo Scientific).
2.2.7.4

Endotoxin Removal

Proteins used during in vivo experiments were endotoxin cleaned with the
EndoTrap®red (Hyglos GmbH) slurry endotoxin removal system. Proteins were cleaned
based on the manufacturer’s instructions; however, slurry was used as resin in a column
based method. In order to exclude contamination from LPS present in columns, they
were placed in 2 M NaOH over night and rinsed with 0.9 % injection grade NaCl
(Pfizer). EndoTrap®red gel slurry (500 µl) was placed in the column and allowed to
settle for 30 min. The column was equilibrated with six column volumes of
equilibration buffer (provided by manufacturer) and the column was left to drain out
completely. The protein sample was loaded onto the column and re-collected
immediately after the column void volume. In order to elute the entire protein sample an
extra one column volume of equilibration buffer was applied prior to regeneration of the
column with six column volumes of regeneration buffer (provided by manufacturer) and
storage in one column volume regeneration buffer supplemented with 0.02 % sodium
azide at 4 °C. Typically, 5 mg protein in diluted PBS (1:1 in endotoxin free water)
cleaned up after one to two passes over the column.
Alternatively, endotoxin was removed using the Triton-X 114 phase separation method
(Liu et al., 1997). Triton-X 114 (Sigma Aldrich) was added to protein (2 - 2.5 mg/ml) to
a final concentration of 1 %. The solution was mixed by several inversions and
incubated at 4 °C for 30 min with constant rotation. The mixture was moved into a 37
°C water-bath, incubated for 10 min and the phase separated by centrifugation at 16 000
g for 10 min at RT. The upper aqueous phase containing the protein was carefully
transferred into a clean tube and subjected to the same Triton-X 114 phase separation
endotoxin cleaning process for two more cycles.
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2.2.7.5

Detection of Endotoxin

For the detection of endotoxin in protein samples the commercial end-point Endosafe®
Rapid Limulus Amebocyte Lysate (LAL) assay (Charles River) was used. The standard
quantification for endotoxins are Endotoxin Units (EU)/mL, which relate to biological
activity, rather than amount of endotoxin present. For in vivo analysis of SSL7 wt and
mutants a cut-off of 0.125 EU/injection dose was selected, based on the published
acceptable limit for intravenous dosages for humans of 5 EU/kg (Petsch and Anspach,
2000) and the assumption of an average mouse weight between 20 – 25 g. Endotoxin
testing was set up under aseptic conditions. Each protein (200 µl) was added to a singletest Endosafe® Rapid LAL vial, gently mixed and reactions were immediately
incubated at 37 ± 1 °C for 60 ± 2 min. Protein samples were labelled endotoxin-free
(<0.125 EU/ml) when an absence of gel adhering to the tube was observed. Proteins
tested positive for endotoxin (>0.125 EU/ml), when formation of a firm gel capable of
maintaining its integrity when the test tube was inverted was observed. All results were
viewed in context of 200 µl 0.9 % injection grade NaCl added to Endosafe® Rapid
Positive Control and Endosafe® Rapid LAL single-test, run in parallel.
2.2.8 Protein Characterisation and Analysis
2.2.8.1

Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDSPAGE)

2.2.8.1.1 Preparation of Polyacrylamide Gels
Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) was
typically performed in a Hoefer SE 250 mini-vertical gel elctrophoresis unit
(Amersham, Bioscience). Gels (12.5 %) were prepared by combining 2.1 ml SDSPAGE solution A, 1.25 ml SDS-PAGE solution B and 1.5 ml H2O. Polymerization was
induced with 30 µl 10 % APS (Gibco, Invitrogen) and 4 µl TEMED (Promega), and the
solution was immediately transferred into a Hoefer SE 245 dual gel caster unit
(Amersham Bioscience). To ensure level gel edges, solution was covered with watersaturated buthanol (Sigma Aldrich). For the stacker gel 0.25 ml SDS-PAGE solution A,
0.415 ml SDS-PAGE solution C, 1 ml H2O, 20 µl 10 % APS, and 1.65 µl TEMED was
combined and added once the separation gel was set.
Protein samples were combined with equal volumes of 2x SDS-PAGE loading dye,
reduced by incubation at 94 °C for 5 min and loaded onto the gel. Electrophoresis was
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performed for 1 h at 200 V, 20 mA. For size comparison BenchMark protein ladder
(Invitrogen) was diluted in equal parts with 2x SDS-PAGE loading dye and run in
parallel with protein samples where applicable.
2.2.8.1.2 Coomassie Brilliant Blue Staining
SDS-PAGE gels were stained for 60 min in Coomassie Brilliant Blue stain under
constant slow agitation (45 rpm) at RT in order to visualize proteins. Destaining was
carried out with Coomassie destain O/N or H2O over two days with constant shaking
(45 rpm) at RT.
2.2.8.2

Western Blot Analysis

Biotinylated protein ladder (Cell Signaling Technology) and protein samples were
electrophoresed by SDS-PAGE. Following electrophoresis SDS-PAGE gel and equal
sized nitrocellulose blotting membranes (BioTrace NT, PALL Corporation Life
Science) were washed for 5 min in Towbin Western Transfer buffer. Grade 3M
chromatography paper (Whatman) was trimmed to fit the gel and membrane size and
equilibrated in Towbin Western Transfer buffer as well. Three layers of soaked
chromatography paper either side of the central SDS-PAGE gel and nitrocellulose
membrane were assembled in a Hoefer TE77 semi-dry transfer unit (Amersham
Bioscience) and samples were transferred to the membrane at 50 mA for 1 h at RT. To
control for protein transfer, the membrane was reversibly stained with Ponceau solution
(1% (w/v) Ponceau S / 5 % (v/v) acetic acid) and destained under running H2O. Nonspecific binding sites were blocked with TBS-T containing 5 % (w/v) non-fat dried milk
powder for 1 h at RT or O/N at 4 °C. Following blocking, the membrane was washed
twice with TBS-T for 5 min and twice with TBS for 15 min at RT. Subsequent antibody
incubations were performed in TBS-T / 2.5 % (w/v) non-fat dried milk powder. Each
incubation was followed by three washes of the membrane with TBS-T for 5 min. The
immobilized protein-antibody complex on the membrane was detected using the ECL
western blotting analysis system (Amersham Bioscience, GE Healthcare) and
chemiluminescence was visualised digitally using a LAS-3000 imaging system
(Fujifilm, Life Science). Digital images were captured with ImageReader LAS-300 and
analysed with MultiGauge software (both Fujifilm, Life Science).
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2.2.8.3

Size Exclusion Chromatography

Size exclusion chromatography was performed on an ÄKTA FPLC (GE Healthcare)
using a Sephadex 200 5/150 GL column (GE Healthcare). The running buffer was filtersterilised PBS, pH 7.4. All samples were either filtered or spun at 16 000 g for 10 min
prior to loading onto the column. The Sephadex 200 5/150 GL column was run at 0.15
ml/min and fractions collected based on peak A280nm readings.
Real time monitoring of complex elution and graphical analysis were done using
UNICORN Control Software (GE Healthcare).
2.2.9 Enzyme-Linked ImmunoSorbent Assay
Enzyme-linked ImmunoSorbent assays (ELISAs) were performed in MaxiSorpTM
Immuno-assay plates (Nunc). Typically, plates were coated with 50 µl/well of 1 µg/ml
antigen in ELISA coating buffer O/N at 4 °C. Wells were blocked by incubation with
100 µl blocking buffer for 1 h at RT. Subsequent incubation of ligands and antibodies
was done in 50 % blocking buffer diluted with PBS, pH 7.4 for 1 h at RT. In between
each step, the plate was washed five times by immersion in PBS-T. Immobilised
antibody complexes were detected with 50 µl ELISA developing solution and reactions
stoped through the addition of equal volumes of 10 % HCl. ELISAs were quantified by
absorbance readings at A490nm on a µQuant Microplate Spectrophotometer and results
were captured using KC4 software (both BioTek Instruments Inc.).

2.3

BLOOD AND CELL BASED METHODS

2.3.1 Human Whole Blood and Serum Preparation
Fresh blood was taken from healthy volunteers. Whole blood was prevented from
coagulating with lepirudin (Refludan, Celgene) at a final concentration of 50 µg/ml and
kept at room temperature for immediate use.
Serum was obtained by taking blood into Vacutainer® serum tubes (BD), allowed to clot
for 30 min at RT and separated by centrifugation at 1250 g for 20 min at 4 ºC. Serum
was used fresh or immediately stored at -80 °C for later use.
2.3.2 Murine Serum Preparation
Male or female 6 - 8 week old BALB/c mice were culled by CO2 asphyxiation and
blood was collected into Microvette® 500 Z-gel serum tubes (Sarstedt). Blood was
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allowed to clot for 30 min and then spun at 5500 g for 2 min. Murine serum was
collected from top layer and used immediately or stored short term at -80 °C.
2.3.3 Isolation of Human Granulocytes
Blood was collected from healthy donors into K2EDTA Vacutainer® tubes (BD) and
granulocytes isolated using Histopaque density centrifugation according to the
manufacturer’s instructions. Typically, 5 ml of anti-coagulated blood was layered on
top of a two layer Histopaque gradient, which typically consisted of 2.5 ml Histopaque1077 over 2.5 ml Histopaque-1119 (both Sigma-Aldrich). Blood gradient was
centrifuged at 700 g for 30 min at RT with no brake. Granulocytes were collected from
the interface between the Histopaque-1119 and Histopaque-1077 and washed once with
PBS pH 7.4 (328 g for 10 min at RT). Residual erythrocytes were removed by mild
osmotic lysis by resuspension of the cells in 0.2 % (w/v) NaCl for 30 sec before
buffering by the addition of an equal volume of 1.6 % (w/v) NaCl. Granulocytes were
washed one final time in PBS (328 g for 10 min at RT) before being resuspended in the
required assay buffer.
2.3.4 Isolation of Murine Granulocytes
BALB/c mice were culled by CO2 asphyxiation, both femurs and tibias from hind legs
surgically removed and immediately stored in sterile PBS, pH 7.4 on ice. Both ends of
the bones were trimmed and murine bone marrow cells flushed out with sterile PBS, pH
7.4. Bone marrow cells were washed once with sterile PBS, pH 7.4 and resuspended at
a final concentration around 1 x 107 cells/ml. Murine bone marrow is a rich source of
murine granulocytes, with neutrophils making up the major cell population (~60 - 65 %)
(personal correspondence Dr. Fiona Radcliff, University of Auckland).
2.3.5 Viability Assessment and Enumeration of Cells
Prior to every experiment, cell viability was assessed by trypan blue exclusion (0.2 %
trypan blue in PBS, pH 7.4) (Gibco, Invitrogen). For flow cytometry analysis, cell
viability was further assessed using Propidium Iodide (BD Pharmingen) according to
the manufacturer’s instructions. A hematocytometer was used to enumerate cell
numbers.
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2.3.6 Purification of Human IgA
Human serum was diluted to a final concentration of 50 % in PBS, pH 7.4 and was
passed over a SSL7 IgA- sepharose column previously equilibrated with PBS, pH 7.4.
The column was washed with ten column volumes of PBS, pH 7.4 and human IgA was
eluted with one column volume of each 50 mM glycine pH 3.5 and pH 3.0. The pH of
the flow through was immediately normalised by collection of the eluted fractions into
100 mM Tris, pH 8.0. The SSL7 IgA- sepharose column was equilibrated with PBS, pH
7.4 prior to elution of remaining IgA with one column volume 50 mM glycine, pH 11.
IgA purity was confirmed by SDS-PAGE and protein dialysed over night at 4°C into
PBS, pH 7.4. Human IgA was stored at 4°C until use.

2.4

FUNCTIONAL ASSAY METHODS

2.4.1 Serum Bactericidal Assay
Inhibition of serum bactericidal activity by SSL7 was assessed using E. coli. SSL7 wt or
mutant protein was incubated with 5 % human serum in Hanks Buffered Saline solution
(HBSS) (Sigma Aldrich) for 30 min at 37 °C. Pre-incubated serum was then combined
with ~1.2 x 107 exponential phase E. coli DH5α (A600nm ~ 0.15) and incubated for 90
min at 37 °C. E. coli with serum only or in HBSS were included as a positive and
negative bactericidal control and kept at 37 °C for 90 min as well. Following
incubation, samples were placed on ice to stop serum lysis and a dilution series of each
sample was prepared in HBSS, plated on LB agar in triplicate and incubated O/N at 37
°C. Bacterial survival was enumerated the following day by counting colony forming
units (CFU) and expressed as mean CFU /ml ± SD.
2.4.2 Alternative Pathway Hemolytic Assay
Sheep erythrocytes (Gibco, Invitrogen) (500 µl) were incubated in GHBMg/EGTA at 37 °C
for 15 min to lyse unstable cells. Following initial lysis erythrocytes were washed in
150 mM NaCl (1250 g for 5 min at 4 °C) until the supernatant remained clean, washed
once with GHBMg/EGTA and resuspended to 2 % (v/v) in GHBMg/EGTA. Hemolytic assays
were set up in 96-well round bottom plates in a total volume of 250 µl. Human serum
was diluted to a final concentration of 5 % in GHBMg/EGTA, combined with SSL7 wt or
mutant protein and incubated with the erythrocytes for 1 h at 37 °C. Ice-cold 150 mM
NaCl was added to stop the reaction and unlysed erythrocytes were pelleted by
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centrifugation at 1250 g for 5 min at 4 °C. Supernatant was transferred into a flatbottom 96-well plate and hemolysis was quantified by absorption readings at A412nm
using an µQuant Microplate Spectrophotometer and KC4 software (both BioTek
Instruments Inc.). Duplicate measurements were averaged and corrected for background
before being expressed as mean ± SD.
For analysis of murine hemolytic activity, the assay was performed as outlined above,
however lytic activity of mouse serum (section 2.3.2) was tested against rabbit
erythrocytes.
2.4.3 Complement Pathway ELISA
Activity of the classical, mannan-binding lectin and alternative pathways of
complement was investigated with the commercial Wieslab total complement screen kit
(Wieslab), in which the formation of C5b-9 is measured. This ELISA based kit allows
analysis of individual pathway activation based on specific activating coatings and
inhibitory buffer systems (Seelen et al., 2005). Assays were performed according to
manufacturer’s instructions and using the positive control serum provided to investigate
SSL7 activity. Serum was pre-incubated with SSL7 wt or mutants for 30 min at RT
prior to the use in the kit. Complement activity was determined in triplicate through
quantification of immunocomplexes as described previously (section 2.2.9) and
expressed as percentage of C5b-9 formation in control serum ± SD.
2.4.4 Detection of C5a Generation in Serum
2.4.4.1

Detection of C5a in Human Serum

Human serum was diluted with 0.5 % (w/v) BSA / PBS, pH 7.4 to a final concentration
of 5 % and combined with SSL7 wt or mutant protein and 107 CFU heat-killed S.
aureus Wood 46 prior to 30 min incubation at 37 °C. Bacteria were pelleted by
centrifugation at 5500 g for 5 min at RT and supernatants were transferred into a 96well plate previously coated with 2 µg/ml anti-human C5a mAb (Clone 295003, R&D
Systems) and blocked for 1 h with ELISA blocking buffer. After 1 h incubation at RT,
plate was washed before bound human C5a was detected with polyclonal rabbit antihuman C5a (Calbiochem) at a dilution of 1:5000, and antibody complexes were
detected with anti-rabbit:HRP (1:2000) for 1 h at RT each. A standard of recombinant
human C5a (Calbiochem) in the range of 0.09 – 200 ng/ml was included in every
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ELISA assay and a linear curve fit used to determine the concentration of C5a present
in the samples. ELISA results were quantified by A490nm readings on a µQuant
Microplate Spectrophotometer using KC4 software.
2.4.4.2

Detection of C5a in Murine Serum

Murine serum was diluted to 4% final concentration in 5% FCS / PBS, pH 7.4 and
combined with serial diluted SSL7 wt or mutant protein before the addition of 107 heatkilled S. aureus Wood 46 and incubation at 37 °C for 30 min. Bacteria were pelleted by
centrifugation for 5 min at 1250 g and supernatant transferred into 96-well plate
previously coated with 1 µg/ml anti-mouse C5a (clone I52-1486, BD Pharmingen) O/N
at 4 °C in ELISA coating buffer. The following day the coated plate was blocked with
10 % FBS / PBS, pH 7.4 for 1 h at RT. C5a was detected with 0.25 µg/ml anti-mouse
C5a:biotin (clone I52-278, BD Pharmingen) and HRP-conjugated strepavidin (BD
Pharmingen). The read out for this assay was the detection of peroxidase activity as
described for ELISAs above (refer to 2.2.9). C5a amounts were quantified by linear
standard curves (0.09 – 200 ng/ml) of purified recombinant mouse C5a protein (BD
Pharmingen) included in each assay.
2.4.5 Detection of C5b-9 Formation
2.4.5.1

C5b-9 ELISA

For ELISA detection of C5b-9, MaxiSorpTM (Nunc) plates were coated with 106 heatkilled S. aureus Newman spA- in ELISA coating buffer per well O/N at 4 °C. The plate
was blocked with 10 % FCS / PBS pH 7.4 for 1 h at RT. Normal human serum (refer to
2.3.1) was diluted in GHBMg/EGTA to a final concentration of 2.5 %, combined with
various concentrations of SSL7 wt or mutant protein and added to the ELISA plate
before being incubated for 1 h at 37 °C. Formation of C5b-9 was detected with 0.25
µg/ml mouse anti-C5b-9 (clone aE11, Abcam) in 5 % FBS / PBS pH 7.4. Peroxidaseconjugated anti-mouse IgG at 0.4 mg/mL (Jackson ImmunoResearch Laboratories) was
used as a secondary antibody. Peroxidase activity was detected as outlined above (refer
to 2.2.9).
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2.4.5.2

C5b-9 Formation on Bacterial Surfaces

To analyse formation of C5b-9 on the bacterial surface, 107 heat-killed bacteria were
opsonised with 5 % human serum in the presence of various concentrations of SSL7 wt
or mutant protein for 30 min at 37 °C. Serum and proteins were diluted in C5b-9
formation assay buffer. Samples were assessed for the formation of C5b-9 by flow
cytometry (LSR II with FACSDiva software v6.1.1, BD) after staining with 0.5 µg/ml
α-human C5b-9 as a primary antibody and 0.5 µg/ml α-mouse IgG:FITC as a detection
antibody. Results were analysed using FlowJo software v7.6.4 (Tree Star, Inc).
2.4.6 Neutrophil Activation
Neutrophil activation was analysed using Fluo-3AM (Invitrogen) to measure cytosolic
Ca2+ flux as an indicator for cell activation as published previously (Merritt et al.,
1990).
Neutrophils were prepared from blood donated by healthy volunteers (refer to section
2.3.3) and resuspended in neutrophil activation buffer A to a final concentration of 6x
106 cells/ml. Neutrophils were loaded with 2 µM Fluo-3AM for 30 min at 37 °C.
Loaded cells were washed once in neutrophil activation buffer A by centrifugation for 5
min at 400 g, resuspended in fresh neutrophil activation buffer A and incubated for 30
min at RT to allow for desterification to occur. Neutrophils were washed twice in
neutrophil activation buffer B before being resuspended to a final concentration of 5x
106 cells/ml in the same buffer.
Human serum was diluted to 10 % in neutrophil activation buffer B and combined with
SSL7 wt or mutants before activation with 2x 107 heat-killed S. aureus for 30 min at 37
°C. Activated serum was spun at 400 g for 2 min and supernatant used to stimulate
neutrophils.
Neutrophil activation was detected using a LSR II measuring excitation at 505 nm and
emission at 530 nm. Baseline fluorescence was analysed for 60 s prior to the addition of
50 µl activated serum and immediate reading of the change in fluorescence. Data was
collected using FACSDiva (BD) software and analysed with FlowJo (Tree Star Inc.)
software.
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2.4.7 Neutrophil Phagocytosis
2.4.7.1

Visual Analysis of Neutrophil Phagocytosis

Human serum and neutrophils were prepared as outlined (section 2.3.1 and 2.3.3).
Neutrophils were resuspended in neutrophil phagocytosis buffer to a final concentration
of 2x 104 cells/ml.
S. aureus Newman was grown in 10 ml LB at 37 °C O/N at 200 rpm and washed the
following day three times with sterile PBS, pH 7.4 at 1900 g for 1 min. Bacteria were
heat-killed at 75 °C for 30 min, resuspended at 2x 107 bacteria/ml in PBS, pH 7.4 and
spun slowly at 400 g for 10 min to remove clumped bacteria. Supernatant from just
above the pellet containing individual, soluble bacteria was aspirated and used for
coupling to the dishes. Poly-D-lysine chambers of 35 mm Fluorodish cell culture dishes
(World Precision Instruments) were activated with 1 % gluteraldehyde / PBS pH 7.4 for
30 min at RT. Dishes were washed three times with PBS, pH 7.4 and immediately 1 ml
bacterial suspension added. Dishes were incubated for 1 h at RT to allow cross-linking
of bacteria to the surface and washed three times with PBS, pH 7.4 to remove
unattached cells. Free aldehyde groups were blocked by 0.1 % L-lysine in PBS, pH 7.4
for 1 h at RT before once more washing three times with PBS, pH 7.4.
To analyse phagocytosis, 107 neutrophils were added to the plates and allowed to settle
for 5 min at RT before 10 % human serum in neutrophil phagocytosis buffer, with or
without SSL7, was added. Cells were observed for 40 min under 600-fold magnification
using an Olympus FV1000 microscope while being warmed to 37 °C. Images were
gained and analysed with Olympus FluoView software.
2.4.7.2

Quantitative Measurements of Neutrophil Phagocytosis

The influence of SSL7 on neutrophil phagocytosis was quantified with pHrodo™ S.
aureus BioParticles® Conjugates (Invitrogen). pHrodo buffer (2 ml) was added to the
pHrodo™ S. aureus BioParticles® and the solution briefly vortexed to ensure complete
resuspension of the particles. Particles were then transferred into a flint glass tube
(Cambrex) and sonicated for 5 min until all the particles were homogeneously
dispersed. Resuspended pHrodo S. aureus BioParticles® were protected from light and
used immediately. pHrodoTMRed Bioparticles were combined with human serum (final
concentration of 50 %) in the presence or absence of SSL7 wt and mutant protein and
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incubated at 37 °C for 45 min, before being washed twice in pHrodo buffer (10 000 g, 2
min) and resuspended in pHrodo buffer.
Neutrophils were prepared as described above (section 2.3.3) and after a final wash
resuspended in HBSS / 20 mM Hepes, pH 7.4. Neutrophils were transferred into black
F96 MicroWellTM plates (Nunc) at 5x 104 cells/well and non-opsonised or opsonised
pHrodo S. aureus BioParticles® added immediately. Plates were transferred into an
EnSpire 2300 multimode plate reader (Perkin Elmer), warmed to a chamber temperature
of 37 °C and imaged every 30 min for 3.5 h. For each assay a pHrodo S. aureus
BioParticles® only, a buffer only and a neutrophil only control were included. Data were
corrected for the fluorescence of the pHrodo S. aureus BioParticles® alone.
2.4.8 Neutrophil Under Agarose Migration Assay
Neutrophils were isolated and serum gained as outlined before (section 2.3.3 and 2.3.1,
respectively). For Calcein-AM labelling, neutrophils were resuspended at 5x 106/ml in
PBS, pH 7.4 containing 1 µM Calcein-AM (Invitrogen) and incubated at 37 °C for 30
min. Cells were washed once in neutrophil migration buffer and resuspended in the
same buffer at 1x 107/ml.
The under agarose migration assay was set up as previously described (Heit et al.,
2005), however dishes were filled with 3 ml heated migration assay buffer containing 1
% agarose and left to solidify. Three wells were cut into the agarose in a straight line,
each 3.5 mm in diameter and 2.2 mm apart.
Serum was diluted in neutrophil migration buffer to a final concentration of 75 % and
combined with SSL7 wt and mutants as well as 107 heat-killed S. aureus Newman.
Serum was activated for 30 min at 37 °C and bacteria removed by centrifugation for 2
min at 5500 g. The supernatant was transferred into one of the outer wells and a
gradient allowed to form for 15 min at 37 °C, 5 % CO2. The other outer well was filled
with neutrophil migration buffer. Calcein-AM stained neutrophils were added to the
centre well and incubated for 2 h at 37 °C, 5 % CO2. Results were recorded under 100x
magnification with a camera attached to a microscope (Nikon Eclipse TE 2000-S).
Migration was quantified by measuring the distance in µm between the well edge and
the farthest travelled neutrophil.
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2.4.8.1

Murine Neutrophils Under Agarose Assay

Experimental analysis of murine neutrophil migration was performed as described for
the human neutrophil migration assay above (refer to section 2.4.8) with murine serum
and murine bone marrow cells isolated as outlined previously (section 2.3.2 and 2.3.4,
respectively).
2.4.9 Whole Blood Killing Assay
L. lactis 1363 was grown overnight in GM17 at 28 °C without agitation. The following
day a fresh culture was inoculated and growth was monitored by regular OD600nm
readings using an Ultraspec 2100pro (Ambersham Bioscience). Once mid exponential
phase (OD600 ~ 0.8) was reached, bacteria were pelleted (5 min at 5500 g) and
resuspended in HBSS (Sigma). Whole blood and serum was gained and WBC
enumerated as outlined above (section 2.3.1 and 2.3.5, respectively). A standardised
ratio of 1 bacterium to 2.6 WBC was used in all whole blood killing assays. Blood,
protein and 106 L. lactis were combined and made up to a total volume of 1 ml with
HBSS. Immediately 50 µL of each sample was taken and a dilution series was plated in
triplicate on GM17 agar plates. The remaining tests were incubated with minimal
agitation (100 rpm) for 3 h at 37 °C before another serial dilution was plated in
triplicate. Plates were incubated overnight at 28 °C and bacterial survival was
enumerated by colony count the following day.
Survival of L. lactis pOri23T and L. lactis pORi23T:ssl7+ in whole blood was examined
as outlined above, however all bacteria cultures were grown in GM17 / 5 µg/ml
erythromycin and samples plated on GM17 / 5 µg/ml erythromycin agar plates.

2.5

IN VIVO METHODS

Animals used during experimental procedures outlined in this thesis were housed in
Vernon Jansen Unit, University of Auckland, and cared for under SPF conditions in
accordance with The Animal Welfare Act (1999) and institutional guidelines provided
by the University of Auckland Animal Ethics Committee, which reviewed and approved
these experiments.
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2.5.1 Murine Model of Peritoneal Inflammation
Female BALB/c mice aged 6-7 weeks were injected into the tail vein with injection
grade 0.9 % NaCl (Pfizer) or protein (100 µl/mouse) and 15 min later each mouse
received an injection of 100 µl 0.9 % NaCl or heat killed S. aureus Newman
(107/mouse) into the peritoneal cavity to stimulate an influx of inflammatory cells.
Three hours later, mice were euthanized by CO2 asphyxiation and peritoneal lavages
performed with 5 ml sterile harvest solution. Lavage fluid was stored on ice until
processed.
2.5.2 Analysis of Cell Populations in Lavage Samples
Lavage fluids were centrifuged for 10 min at 200 g at room temperature, supernatants
removed and cells resuspended in 1 ml cold PBS, pH 7.4 and cells counted (refer to
2.3.5).
2.5.2.1

Cytospin Manual Cell Counts

Cells were spun onto microscope slides for 4 min at 265 g at RT (StatSpin Cytofuge 2).
Dried slides were treated with iodine for 5min to remove mercuric chloride crystals and
washed under running water for 10 min. Slides were incubated in methyl alcohol and
Jenner’s stain (DAKO) for 6 min each and transferred into Giemsa (DAKO) working
solution to incubate over night at RT. Slides were differentiated in 1 % glacial acetic
acid solution and rinsed thoroughly in distilled water. Five fields of view were captured
and the cell population distribution determined by cell count under 200x magnification
using a light microscope (Nikon Eclipse TE 2000-S).
2.5.2.2

Flow Cytometry Analysis

Cell suspension (250 µl) was transferred to a FACS tube and washed twice with 2 ml
FACS buffer for 5 min at 200 g at RT. Supernatants were discarded and cells stained
with 0.5 µg/ml anti-mouse CD45-PE (BD) (50 µl) for 20 min at RT protected from
light. Following an additional wash with 2 ml of FACS buffer, cells were resuspended
in 500 µl FACS buffer containing 0.25 µg PI for assessment of cell viability. Samples
were analysed by flow cytometry on a LSR II with FACSDiva software v6.1.1. (BD).
White blood cell populations were defined as CD45+ and distinguished by size and
granularity. Cells were gated as followed; granulocytes (CD45+/FSClow/SSChigh),
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macrophages

(CD45+/FSChigh/SSChigh),

and

monocytes

/

lymphocytes

(CD45+/FSClow/SSClow).

2.6

PRODUCTION OF A MONOCLONAL ANTI-SSL7

Methodology used during the production of a monoclonal anti-SSL7 was based on
previously published methods (Yokoyama et al., 2006) and optimised by Dr. Fiona
Radcliff.
2.6.1 Immunisation of Mice
2.6.1.1

Preparation of SSL7-Alum Solution

SSL7 (100 µg/ml) was combined with aluminium hydroxide (5 mg/ml) (Alum, AluGel-S, 2 % Al(OH)3, Serva). The suspension was vortexed at high speed for 30 s and
left for absorption at RT for 1 h in the dark. After incubation, PBS pH 7.4 was added to
a final concentration of 20 µg SSL7 Newman per 1 mg Alum in a 200 µl injection
volume and the solution vortexed for 15 s. The SSL7-Alum suspension was transferred
into a 1 ml syringe and immediately used for immunisation.
2.6.1.2

Immunisation Protocol

Female BALB/c mice were restrained and 200 µl SSL7-Alum suspension was
administered by intraperitoneal injection. Immunisation was repeated with an equivalent
dose of SSL7 after two weeks to boost the immune response.
2.6.2 Hyridoma Cell Fusion
2.6.2.1

Myeloma Cell Line (Fusion Partner)

SP2/0-Ag14 myeloma cells were expanded in Sp2/0 medium to reach 1x 108 cells on
the day of the fusion. Myeloma cells were harvested and washed three times in 50 ml
cRPMI at 500 g for 5 min at RT before being resuspended in a final volume of 10 ml
cRPMI.
2.6.2.2

Extraction of Splenocytes

Mice were sacrificed by CO2 asphyxiation, spleens were harvested under sterile
conditions and transferred into a sterile petri dish filled with 10 ml sterile cRPMI. All
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subsequent steps were performed in a laminar flow hood. Spleens were passaged
through a single cell strainer, suspended in 50 ml sterile cRPMI and centrifuged at 500
g for 5 min at RT. Supernatant was discarded and contaminating red blood cells lysed
through the addition of 5 ml ammonium chloride solution and incubation at RT for 5
min. cRPMI (45 ml) was added to stop RBC lysis and cells pelleted by centrifugation at
500 g for 5 min at RT. Subsequently, cells were washed twice more with 50 ml cRPMI
and centrifugation at 500 g for 5 min at RT before resuspension in a final volume of 10
ml cRPMI.
2.6.2.3

Cell Fusion

SP2/0-Ag14 myeloma cells and splenocytes were combined in a 1:5 cell ratio and
pelleted by centrifugation for 5 min at 500 g at RT. Cells were resupended through slow
addition of 1 ml 50 % PEG over 1 min and additional stirring for 1 min. Pre-warmed
cRPMI (2 ml) was added drop-by-drop over 2 min before 7 ml of cRPMI were slowly
added over 2-3 min. Cells were centrifuged for 5 min at 500 g at RT and resuspended in
cRPMI-20 to a final concentration of 2.5 x 106 cells/ml. The hybridoma cell suspension
was plated in a 96-well flat bottom plate at 100 µl/well and incubated overnight in a
humidified 37 °C, 5 % CO2 incubator.
2.6.3 Establishment of a Stable Hybridoma Cell Line
Cells were allowed to rest for 24 hours at 37 °C, 5 % CO2 prior to selection for fused
hybridoma cells through the addition of 100 µl cRPMI-HAT. Fusion cells were kept at
37 °C, 5 % CO2 for 14 days and feed with cRPMI-20-HAT daily during the first week
and on alternating days in the second week. On day 15 and 16, cells were slowly
transferred into cRPMI-20 by exchanging half the media each day. After the last media
exchange cells were left for typically 7-10 days and wells containing proliferating cells
were screened for antibody production.
2.6.4 Screening for Anti-SSL7 Producing Hybridomas
Screening for anti-SSL7 producing hybridomas was performed by enzyme linked
immunosorbent assays (ELISA) on 96 well Maxisorb plates (Nunc). Plates were coated
with 1 µg/mL SSL7 diluted in ELISA coating buffer O/N at 4 °C. The wells were
blocked with 100 µL 1 % (w/v) BSA in PBS pH 7.4 at RT for 1 h, prior to the addition
of 50 µl supernatant from wells with proliferating cells and further incubation for 1 h at
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RT. Bound monoclonal antibody was detected with anti-mouse IgG:HRP. Each
incubation was followed by five washes in 0.5 % (v/v) Tween in PBS, pH 7.4. Antibody
complexes were detected with 50 uL OPD developing solution and the reaction stopped
with an equal volume of 10 % (v/v) HCl. Results were read by absorbance measurement
at A490nm on a µQuant spectrophotometer and analyed with KC4 software. For each
screen, control wells without the immobilised SSL7 and supernatant from wells with
non-proliferating cell were included to ensure the signal detected was not due to nonspecific binding.
2.6.5 Cloning by Limiting Dilution
Candidate hybridomas were identified by ELISA screening and cells were expanded
into a 24-well plate. When cells in the 24-well plate were 25 % to 50 % confluent
(typically after 2 to 3 days), hybridomas were isolated through cloning by limiting
dilution. Cell viability of the candidate hybridoma was assessed by trypan blue
exclusion and cells enumerated through hemocytometer counts. Cells were resuspended
in expansion media at 50 viable cells/ml and 5 viable cells/ml. Cells were seeded into a
96-well plate at 200 µl per well resulting in a dilution of 10 cells/well and 1 cell/well,
respectively, and incubated in a humidified 37 °C, 5 % CO2 incubator. Typically after 7
to 9 days cell growth was observed and supernatant was screened for anti-SSL7
antibodies as outlined above (section 2.6.4). Hyridomas, which tested positive for
antibody production were again expanded and re-cloned by limiting dilution before
aliquots were stored at -80 °C.
2.6.6 Purification of Antibodies
Anti-SSL7 producing hybridoma cells were expanded in cRPMI-20 until a culture
volume of 750 ml was reached and left to overgrown at 37 °C, 5 % CO2 until cell death
occurred. The cell culture supernatant was harvested by centrifugation at 1250 g for 10
min and immunoglobulin was purified by Protein A chromatography. In brief,
supernatant was passed over a POROS 20A (Protein A) column (PerSeptive
Biosystems) using an ÄKTA FPLC system. Bound IgG was eluted with 100 µM
glycine, pH 3.0 into 0.1 volume of 100 mM Tris:HCL, pH 8.0 to neutralise acidity of
the elution buffer. Antibodies were dialysed into PBS, pH 8.0 O/N and stored at 4 °C.
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2.7

STATISTICS

Statistical analyses were performed using GraphPad Prism version 5 for Mac OS X
(GraphPad Software, San Diego California USA). The tests used are detailed in the
figure legends; a p value of <0.05 was considered to be significant.
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Chapter 3 Production of SSL7,
Monoclonal Antibodies
3.1

Recombinant

Bacteria

and

INTRODUCTION

Previously generated SSL7 wt and mutants were generated from S. aureus strain
NU4427, a local clinical isolate obtained from the Greenlane Hospital, Auckland.
Completed mutants included three mutations in the OB-domain (N38Y.L79A.P82A) to
abolish IgA binding (SSL7 IgA-), a single residue mutation in the β-grasp (D117K) to
eliminate C5 binding and a combination of all four mutations (N38Y.L79A.P82A.
D117K) to create a protein unable to bind either C5 or IgA (SSL7 IgA-C5-) (Hermans,
2008). Sequence analysis of SSL7 NU4427 wt and SSL7 NU4427 C5- clones preexisting in the Fraser group revealed a single residue mutation P82A (Figure 3.1)
(personal correspondence Rosica Petrova, University of Auckland). Biosensor analysis
of the several experimental mutations in the IgA binding site has revealed a 35-fold
reduction in the affinity of SSL7.P82A towards IgA when compared to SSL7 wt
(Ramsland et al., 2007), highlighting the important contribution of this residue to IgA
binding.
In order to accurately examine the relationship between IgA and C5 binding for SSL7
activity, recombinant proteins used during experiments needed to be free of interfering
mutations, clearly defined and fully active. Therefore, SSL7 wt and SSL7 C5- were recloned from S. aureus Newman. Also cloned was SSL7 from JSNZ, a recently
identified mouse adapted S. aureus strain.
S. aureus Newman was originally isolated from a patient with severe osteomyelitis
(Duthie and Lorenz, 1952). The majority of clinical isolates rapidly lose their infectious
phenotype during in vitro serial passage, making these strains unsuitable for infectious
studies in animal models. In contrast, S. aureus Newman maintains a stable virulent
phenotype and the ability to infect animals (Somerville et al., 2002; Novick, 2003) and
has therefore become an established laboratory strain, commonly used as a model strain
for S. aureus infections in animal models and for the experimental study of
staphylococcal virulence factors (Mazmanian et al., 2000; Bae et al., 2004; De Haas et
al., 2004).
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Figure
3.1: Protein sequence alignment comparing cloned SSL7 alleles
Comparison of SSL7 S. aureus Newman (Pubmed) and NU4427 wt (Amanda Richards,
University of Auckland) sequences to protein sequences of the cloned SSL7 NU4427
and SSL7 NU4427 C5- (Rosica Petrova) (denoted SSL7_4427 and C5-4427,
respectively) previously used in the Fraser group. The unwanted P82A mutation is
Contact EBI
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the European
Molecular Biology
Laboratory.
highlighted
by a Bioinformatics
black box.
TheEBIAlignment
performed
using
ClustalW2
(www.ebi.ac.uk/Tools/msa/clustalw2/). Residues identical in all sequences are denoted
with ‘*’, while ‘.’ denotes a substitution.

Alignment of the SSL7 NU4427 protein sequence with SSL7 Newman revealed
complete sequence homology, allowing a comparison of SSL7 IgA- and SSL7 IgA-C5previously cloned from the S. aureus NU4427 strain and the newly cloned SSL7 wt and
SSL7 C5- from the S. aureus Newman strain (Figure 3.1).
S. aureus JSNZ is a recently characterised strain found to readily colonise mice. This
mouse-adapted strain was isolated from preputial gland abscesses in male C57BL/6
mice in the Vernon Jansen Unit (University of Auckland). All tested mice were found to
be colonised with S. aureus JSNZ, but only a few showed pathological symptoms,
suggesting that this strain could be adapted to persist on mucosal surfaces as a
1/1
commensal bacteria. Preliminary screens of S. aureus JSNZ genomic DNA have shown

w.ebi.ac.uk/Tools/services/web_clustalw2/toolresult.ebi?tool=clustalw2&jobId=clustalw2-I20120…

that the ssl7 forward and reverse primer existing in the Fraser group were able to
amplify ssl7 from JSNZ (personal correspondence Dr. Fiona Radcliff, University of
Auckland). In order to examine whether the ability of S. aureus JSNZ to readily
colonise mucosal surfaces in mice is reflected in changes in SSL7, ssl7 was cloned from
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genomic S. aureus JSNZ DNA and the resultant recombinant protein compared to SSL7
Newman.
Supplementing the established expression of recombinant SSL7 in E. coli, a grampositive L. lactis strain expressing SSL7 was generated. L. lactis is a gram-positive,
non-pathogenic bacterium that is widely used in the food industry for dairy fermentation
and is recognized as safe (Casalta and Montel, 2008). Manipulated strains of L. lactis
are an established delivery system for therapeutic proteins, DNA and vaccine antigens
(Bahey-El-Din et al., 2010). L. lactis shares secreted protein processing and
modification procedures with other gram-positive bacteria (Le Loir et al., 2005), most
likely resulting in a recombinant protein product more closely resembling protein
expressed by S. aureus. This chapter outlines the cloning, expression and purification of
SSL7 by the Gram-positive L. lactis.
Previously, polyclonal antibodies were used to detect SSL7 protein. Antiserum was
obtained by giving New Zealand white rabbits repeat injections of SSL7. A monoclonal
anti-SSL7 antibody in addition to the existing rabbit antibody would broaden the range
of possible experiments to include immuno-based assays such as sandwich ELISA and
neutralising assays. This chapter outlines the generation and testing of a monoclonal
anti-SSL7 antibody.
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3.2

RESULTS

3.2.1 Cloning and Expression of Recombinant SSL7 Newman and SSL7 JSNZ
Since alignment of SSL7 NU4427 to the commonly used strain S. aureus Newman
revealed complete sequence identity (Figure 3.1) the strain was used to re-clone SSL7
wt and SSL7 C5- and in parallel SSL7 JSNZ.
The SSL7 JSNZ sequence aligned to the SSL7 Newman sequence without any gaps and
shows a high degree of identity (89%) and a very high degree of similarity (96%)
(Figure 3.2). Key residues for the binding of IgA (N38, L79, and P82) were completely
conserved between the two sequences, while an amino acid exchange has occurred in
the crucial residue for C5 binding. The negatively charged aspartic acid in SSL7

5/2012
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Newman (D117) is a positively charged histidine in the SSL7 JSNZ sequence (H117),
however the ability to bind C5 seemed to be comparable between the two proteins (refer
to section 3.2.1.1).
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Figure 3.2: Protein sequence alignment comparing SSL7 Newman to SSL7 JSNZ
Alignment was performed using ClustalW2 (www.ebi.ac.uk/Tools/msa/clustalw2/). Key
residues for IgA binding are marked with a dashed box, while the residue essential for
C5 binding is marked with a black box. A ‘*’ indicates fully conserved residues, ‘:’
indicates conservation between residues with highly similar properties, and ‘.’ indicates
conservation between residues with weakly similar properties.
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The E. coli pET expression system has previously been established for the purification
of SSL7 (Arcus et al., 2002; Langley et al., 2005). This system allows the expression of
SSL7 as an N-terminal thioredoxin and polyhistidine tag fusion protein. The
polyhistidine tag is key for the purification of the protein by nickel affinity
chromatography, whereas expression as thioredoxin fusion protein increases protein
solubility (pET system manual, Novagen). The pET32a vector was modified to include
a 3C protease cleavage site (pET32a.3C) in order to allow for the separation of the
thioredoxin and polyhistidine tags from the recombinant protein (Dr. Ries Langley,
University of Auckland).
In addition to the established protocol, SSL7 protein used in experiments outlined in
this thesis were further purified by cation exchange chromatography in order to remove
remaining trace amounts of thioredoxin.
Proteins were loaded onto the cation exchange column in 20 mM NaPO4, pH 6.5 and
eluted over a sodium gradient from 0 % to 15 % 1 M NaCl equivalent to 0 to 150 µM
NaCl. Typically SSL7 protein eluted between 11 % and 12 % 1 M NaCl (~ 110 - 120
µM), whereas thioredoxin eluted considerably later when 100 % 20 mM NaPO4 / 1 M
NaCl buffer was passed over the column (Figure 3.3).
Typically a yield of between 5 - 12 mg purified SSL7 wt and mutants was recovered per
litre of liquid culture.
3.2.1.1 Assessment of Variation in Complement Inhibition between SSL7
Newman and SSL7 NU4427.P82A or SSL7 JSNZ
SSL7 NU4427.P82A expressed from the pre-existing clone was purified as outlined
above in parallel to the newly cloned SSL7 Newman. Both proteins were assessed for
their ability to inhibit complement in a human serum haemolytic assay. SSL7 Newman
and SSL7 NU4427.P82A were both able to inhibit serum lysis of erythrocytes, but
SSL7 NU4427.P82A failed to reach the full activity observed for SSL7 Newman even
at the highest concentrations tested (Figure 3.4A).
SSL7 cloned from the mouse adapted strain S. aureus JSNZ, was also assessed for the
ability to inhibit complement activity in comparison to SSL7 Newman. Both proteins
superimposed in their ability to inhibit serum mediated lysis of erythrocytes (Figure
3.4B).
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Figure 3.3: Removal of thioredoxin-polyhistidine traces from recombinant SSL7
by cation-exchange chromatography.
Purification of A) SSL7 Newman and B) SSL7 JSNZ by cation-exchange
chromatography. Black line represents A280nm and NaCl gradient is marked in grey.
Inserts show recombinant protein analysed by 12.5% reducing SDS-PAGE. Lane 1:
protein after Ni2+-IDA affinity purification, Lane 2 and 3: SSL7 fractions after cationexchange chromatography, trx = thioredoxin.

3.2.2 Generation of an SSL7 Expressing L. lactis Strain
S. aureus expresses numerous virulence factors interacting with components of the host
immune defence, which can make the analysis of individual factors and their effects
difficult. Expression of SSL7 alone by the gram-positive, avirulent L. lactis offered an
opportunity to investigate the virulence of the protein in isolation.
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3.2.2.1 Primer Design
In a comparison of different SSL ribosomal binding sites in a L. lactis expression
system, the ssl10 ribosomal binding site emerged as one of the most efficient, resulting
in a high yield of protein (personal correspondence Dr. Thomas Proft, University of
Auckland). Primers were therefore designed to replace the ssl7 ribosomal binding site
with the ssl10 ribosomal binding site upstream of the start codon (Figure 3.5).
The S. aureus Newman sequence, used as a template for the cloning of ssl7 into L.
lactis, starts with the alternative start codon GUG. This less frequently used start codon
normally encodes for the amino acid valine, but as an initiating codon in prokaryotes is
translated as the starting amino acid N-formylmethionine (Clark and Marcker, 1966). It
has been suggested that because the alternative start codon can be found very
infrequently in natural prokaryotic mRNA, it might function less efficiently than AUG
at some step in the initiation of transcription (Kozak, 1983).
Since the alternative start encodes for the same amino acid as the conventional AUG
codon and the efficiency of the alternative start codon in L. lactis could be reduced,
primers for the cloning of ssl7 into L. lactis were designed to replace the first codon of
the Newman sequence to the more common start AUG (Figure 3.5).
Additionally, primers were designed to include two short artificial attB sequences
(attB1 and attB2) flanking the ssl7 gene. The attB sites are part of a bacteriophage
lambda site-specific recombination system (Gateway®, Invitrogen). This system is
restriction enzyme independent and allows the assembly of multiple DNA fragments in
order and orientation into a vector. Cloning within this system is based on a reversible
recombination reaction, which enables the flexible transfer of the gene once assembled
in one vector into many expression and functional analysis systems.
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Figure 3.4: Effect of SSL7 on serum haemolysis of erythrocytes
Influence of SSL7 Newman and A) SSL7 NU4427.P82A or B) SSL7 JSNZ on 5 %
human serum haemolysis of sheep RBC. Haemolysis was accessed by triplicate A412nm
readings and plotted as mean ± SD. Results are representative for two separate
experiments.

Forward primer:
5’ GGGG ACA AGT TTG TAC AAA AAA GCA GGC T TTA AGA TTG GAG CAA ATA AAT ATG AAA TTA AAA ACG TTA GCT AAA GC

Reverse primer:
5’ GGGG AC CAC TTT GTA CAA GAA AGC TGG GT! TTA AAT TTG TTT CAA AGT CA!

3’

Figure 3.5: Primer design for the expression of SSL7 in L. lactis
Forward and reverse primer with the attB1 and attB2 sites highlighted in light grey, the
ssl10 ribosomal binding site marked in dark grey and the ssl7 starting sequence
enclosed by a black box. Nucleotide change from the alternative start codon GTG to the
conventional start codon ATG is marked in bold.
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3’

3.2.2.2 Expression of SSL7 by L. lactis pOri23T:ssl7+

3.2.2.2.1 Confirmation of SSL7 Expression
Several colonies of L. lactis pOri23T:ssl7+ were found to express SSL7. A single
protein band was seen in the supernatant of L. lactis pOri23T:ssl7+ overnight cultures,
running parallel to recombinant SSL7 expressed from E. coli on a SDS-PAGE gel
(Figure 3.6), which was confirmed to be SSL7 by western blot analysis (data not
shown). No protein was detected in the supernatant of L. lactis pOri23T.
The protein band pattern of L. lactis pOri23T and L. lactis pOri23T:ssl7+ bacterial
pellets run under reducing conditions were comparable, indicating that SSL7 did not
alter protein expression in L. lactis pOri23T (Figure 3.6).

supernatant

pellet

Colony 3

Colony 2

pOri23T

rSSL7

Colony 3

Colony 2

Colony 1

pOri23T

rSSL7

Colony 1

pOri23T:ssl7+

pOri23T:ssl7+

Figure 3.6: Expression of SSL7 by L. lactis pOri23T:ssl7+
Coomassie blue stained 12.5% SDS-PAGE gel of 7.5µl supernatant and pelleted
bacteria of L. lactis pOri23T and L. lactis pOri23T:ssl7+ overnight cultures compared to
35µg recombinant SSL7 (rSSL7).
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3.2.2.2.2 Growth Rate of L. lactis pOri23T:ssl7+
The growth curve of L. lactis pOri23T:ssl7+ was delayed when compared to L. lactis
wt, but was comparable to the empty vector control (Figure 3.7A). The two L. lactis
strains carrying vectors were grown in the presence of erythromycin for positive
selection of the vector. Additional energy expenditure for the antibiotic resistance could
be a possible explanation for the reduced growth rate compared to wt.

3.2.2.2.3 Time Course of SSL7 Expression by L. lactis pOri23T:ssl7+
Examination of L. lactis pOri23T:ssl7+ culture supernatant by Western blot analysis
revealed the first minute traces of soluble SSL7 after 4 h (early-exponential phase,
OD600nm ~ 0.25,) with a clear presence of the protein after 6 h (mid-exponential phase,
OD600nm ~ 0.7) (Figure 3.7B). The amount of protein did not increase greatly after 24
hours (late-stationary phase, OD600nm ~ 1.4) when compared to 8 hours (late-exponential
to early-stationary phase, OD600nm ~ 1.2 – 1.3) indicating that SSL7 expression by L.
lactis pOri23T:ssl7+ primarily takes place during the late-exponential phase when
bacteria are grown under laboratory conditions. No SSL7 was detected in culture
supernatant of L. lactis pOri23T, even after 24 hours (Figure 3.7B).
This pattern of expression was confirmed by sandwich ELISA to detect SSL7 in
supernatants taken from L. lactis pORi23T:ssl7+ cultures at regular time points. SSL7
levels steadily rose from 4 h (3.5 µg/ml) to 6 h (5 µg/ml) and peaked at 8 h (7.3 µg/ml)
without further increase during overnight incubation (24 h, 7.3 µg/ml) (Figure 3.7C).
3.2.2.3 Functional Test of SSL7 Expressed by L. lactis pOri23T:ssl7+
SSL7 was purified from L. lactis pOri23T:ssl7+ culture supernatant and cleaned up by
ion exchange chromatography prior to testing the function in vitro.
Activity of SSL7 expressed in L. lactis pOri23T:ssl7+ (SSL7 lac) was determined for
human and murine serum in complement activation based assays. SSL7 lac inhibited
human serum C5b-9 mediated lysis of sheep erythrocytes in a dose dependent manner
and displayed comparable effects to equivalent doses of recombinant SSL7 expressed in
E. coli (SSL7). (Figure 3.8A).
SSL7 lac displayed comparable activity to SSL7 in the inhibition of C5a generation in
response to heat-killed S. aureus in murine serum (Figure 3.8B).
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Figure 3.7: Growth and expression of SSL7 by L. lactis over time
A) Growth of L. lactis pOri23T:ssl7+ (pOri23T:ssl7+) compared to an empty vector
control (pOri23T) and L. lactis wt. B) Western blot analysis of recombinant SSL7
(rSSL7) and 10 µl culture supernatant taken from a 24 h L. lactis pOri23T (pOri23T)
culture in comparison to 10 µl supernatant taken from a L. lactis pORi23T:ssl7+
(pORi23T:ssl7+) culture at regular time points. C Sandwich ELISA quantification of
SSL7 expressed by L. lactis (SSL7 lac) in the supernatant taken from a L. lactis
pORi23T:ssl7+ culture at regular time points. Each point represents the mean of a
triplicate reading. Results shown combine two independent experiments.
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Figure 3.8: Functional analysis of SSL7 lac in human and murine serum based
assays
A) Inhibition of 2.5% human serum lysis of sheep erythrocytes by recombinant SSL7
expressed in E. coli (SSL7) and L. lactis pOri23T:ssl7+ (SSL7 lac). B) Inhibition of C5a
generation in 5% murine serum by recombinant SSL7 expressed in E. coli (SSL7) and
L. lactis pOri23T:ssl7+ (SSL7 lac). C5a generation is compared to heat-inactivated
(inact) and normal serum (act) also activated with heat-killed S. aureus. In both graphs
each data point represents mean ± SD of triplicate A490nm readings.

3.2.3 Generation of a Mouse Monoclonal anti-SSL7
3.2.3.1 Production
To generate an anti-SSL7 antibody response, mice were immunized by intraperitoneal
injection with 20 µg SSL7 absorbed to 1 mg aluminium hydroxide as adjuvant and
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boosted after three weeks with the same amount of antigen. A dose of 20µg antigen per
mouse was chosen, based on previously experiments in which this dose generated a
strong immune response and sufficient antibody titres against staphylococcal antigens
(personal correspondence Dr. Fiona Radcliff). Naïve serum gained from mice prior to
immunization did not contain any detectable anti-SSL7 antibody (Figure 3.9).
Moderately elevated antibody levels were observed a week after the initial
immunisation, while a very strong response was seen after a boosting injection, 28 days
after the initial immunisation with SSL7 (Figure 3.9).
Murine splenocytes were fused to SP2/0-Ag14 myeloma cells and the resulting hybrid
cells were nurtured for 15 days under conditions permitting only fused hybridoma cells
to proliferate. Cell culture supernatants were analysed for the presence of anti-SSL7
antibodies by ELISA (data not shown). In order to ensure antibodies gained were from a
single progenitor cell and therefore mono-specific for one epitope, two rounds of
cloning by limiting dilution were applied. During the initial round of cloning by limiting
dilution 864 wells were plated, of which 122 displayed cell proliferation and 53 tested

α-SSL7 (A490nm)

positive for anti-SSL7 mAb production (Figure 3.10).
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Figure 3.9: Anti-SSL7 Immunoglobulin G response in mice
ELISA analysis of antibody levels in serum samples of BALB/c mice immunised with
20 µg SSL7 in Alum on day 0 and 21 compared to naïve serum (serum dilution 1:1000).
Each diamond represents antibody levels of one of four mice immunised.
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Various level of antibody expression was observed when screened by ELISA and 15
very high expressing clones (positive ELISA screen results of A490nm > 2.6) were
chosen for a second round of cloning by limiting dilution. A single high expressing
clone (A490nm > 2.4) was subsequently chosen and monoclonal anti-SSL7 antibody was
purified from cell culture supernatant by affinity chromatography over an SSL7sepharose column (data not shown).
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Figure 3.10: ELISA screen of hybridoma supernatants after the first round of
cloning by limiting dilution
ELISA plates were coated with 1µg/ml SSL7 Newman and culture supernatants
screened for the presence of anti-SSL7. Clones with readings A490nm > 0.3 were defined
as positive for anti-SSL7, A490nm > 1.0 as good expressing clones and A490nm >2.6 were
categorised as very high expressing clones.
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3.2.3.2 Functional Analysis of Mouse Monoclonal anti-SSL7
The monoclonal anti-SSL7 was determined to be IgG1 (Figure 3.11A), the most
abundant IgG subclass in murine serum (Quimby and Chaplin, 2007).
All SSL7 mutants were detected by the monoclonal anti-SSL7 at the same level as
SSL7 wt (Figure 3.11B). Likewise, anti-SSL7 mAb readily detected SSL7 lac. However
no binding above background of anti-SSL7 mAb to SSL7 JSNZ was detected,
indicating that the monoclonal antibody possibly recognises an epitope unique to SSL7
Newman, which was the template for SSL7 wt, SSL7 mutants and SSL7 lac.
The monoclonal anti-SSL7 was not able to neutralise SSL7 and prevent inhibition of
complement-mediated lysis of erythrocytes by SSL7. Even high amounts of anti-SSL7
(8-fold excess of anti-SSL7 to SSL7) did not show an increase in haemolysis (Figure
3.12). The addition of monoclonal anti-SSL7 alone to serum did not interfere with
haemolytic activity (data not shown), indicating that reduced haemolysis in the presence
of SSL7 and anti-SSL7 was due to the activity of SSL7 and a failure of the monoclonal
anti-SSL7 to neutralise the protein.
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Figure 3.11: Analysis of the monoclonal anti-SSL7 antibody
IgG subtype (A) and protein specificity (B) of anti-SSL7 mAb as determined by ELISA.
Data is representative for two independent experiments. Triplicate A490nm readings were
potted as mean ± SD.
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Figure 3.12: Inhibition of haemolysis by SSL7 treated with α-SSL7 mAb
Lysis of sheep erythrocytes by 2.5% human serum was measured in the presence of
0.5µM SSL7 and graded doses of α-SSL7 in comparison to serum alone. A 1:1 molar
ration between SSL7 and α-SSL7 can be assumed at 8 µg/ml α-SSL7. Data are shown
as mean ± SD of triplicate absorbance readings and is representative for two
independent experiments.
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3.3

DISCUSSION

The ssl7 gene was cloned from Newman and confirmed to be free of unwanted
mutations and active in a haemolytic assay. Recombinant SSL7 Newman protein is
referred to as SSL7 wt in experiments outlined in this thesis. In addition a SSL7 mutant
was re-cloned from Newman including a single amino acid change (SSL7.D117K) in
the β-grasp, which completely eliminates C5 binding (SSL7 C5-). The set of SSL7
mutants used in this thesis is completed by the previously created mutants SSL7 IgA(SSL7.N38Y.L79A.P82A) and SSL7 IgA-C5- (SSL7.N38Y.L79A.P82A.D117K), which
were both cloned from S. aureus NU4427 (Hermans, 2008). Complete sequence
homology between SSL7 Newman and SSL7 NU4427 allows comparative analysis
between wt and mutant protein cloned from both strains. Taken together, SSL7 wt and
mutants offer the opportunity for detailed investigations into the functional
consequences of dual binding of C5 and IgA by SSL7.
Cloning of SSL7 JSNZ allowed sequence alignment to SSL7 Newman and showed a
very high degree of identity (89 %) and similarity (96 %) between the two proteins. Key
residues for IgA binding identified in SSL7 Newman were completely conserved in
SSL7 JSNZ, while the crucial residue for C5 binding was altered. However, this single
amino acid change did not affect the ability of SSL7 JSNZ to inhibit haemolysis and it
was equally effective as SSL7 wt. IgA is the most abundant antibody class secreted onto
the mucosal surfaces of the gastrointestinal, respiratory and genitourinary tracts (Woof
and Kerr, 2006), however SSL7 NU4427 (equivalent to SSL7 Newman) has previously
been shown to not bind murine IgA (Langley et al., 2005). Adaptation of S. aureus
JSNZ to effectively colonise mucosal surfaces in mice could have been reflected in an
altered IgA binding site in SSL7 JSNZ, however key residues for IgA binding are
conserved between the two strains, allowing the assumption that SSL7 JSNZ mediated
IgA binding does not contribute to the adaptation of S. aureus JSNZ to colonise mice.
Expression of SSL7 by L. lactis pOri23T:ssl7+ was controlled by the P23 promoter
contained in the pOri23 vector. P23 is commonly used for the heterologous expression
of protein in L. lactis since it is not know to be controlled by any regulator or specific
growth condition and is therefore presumed to be constitutively expressed under
laboratory growth conditions (Morello et al., 2008). Accordingly, protein was first
detected during early exponential phase, increased throughout the exponential phase and
reached a maximum level in the early stationary phase with SSL7 yields not further
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increasing overnight. Heterologous expression of S. aureus proteins by L. lactis has
been used to clarify the role of individual virulence factors during host colonization and
invasion. Expression of the S. aureus protein clumping factor A (ClfA) and fibronectinbinding proteins (FnBPs) enabled L. lactis to colonise host tissue and invade a human
cell line (Que et al., 2000; Sinha et al., 2000). Similarly, constitutively expression of
SSL7 by L. lactis could assist in further understanding the virulence mechanisms
employed by S. aureus to evade the host immune response.
SSL7 protein expression by S. aureus in vivo has not been investigated yet, however
ELISA analysis of anti-SSL7 antibody in serum of acute and convalescent bacteraemia
patients provides strong evidence that SSL7 is expressed at some stage during S. aureus
infection (Ritchie, 2010). Analysis of mRNA transcription level in S. aureus has
revealed that ssl7 (set1) was upregulated in vitro during mid to late exponential phase,
with highest levels of expression being reached in the early stationary phase (Williams
et al., 2000; Fitzgerald et al., 2003). In accordance, monitoring of the ssl7 promoter in
S. aureus Newman has shown the highest level of activity during the late exponential
phase (5 – 6 h) (Benson et al., 2011).
A similar in vitro expression pattern has been shown for SSL9 and SSL10 by Western
blot analysis of culture supernatants. SSL9 protein expression peaked during mid
exponential phase (5 h), while SSL 10 expression was mainly detected during the late
mid exponential phase (Jackson, 2009; Patel, 2011), suggesting that a similar protein
expression pattern could be expected for SSL7.
Current literature suggests that the expression of ssls is negatively controlled by the
accessory gene regulator (agr) and induced through the synergistic activity of the
staphylococcal accessory element (sae) and repressor of toxins (rot) (Pantrangi et al.,
2010; Benson et al., 2012). During the post-exponential phase the quorum sensing agr
activates the expression of exoproteins, such secreted cytotoxins, superantigens,
enzymes and other virulence factors (Bronner et al., 2004). In contrast, sae induces the
expression of virulence factors associated with bacterial adhesion, immune evasion and
colonisation, including hemolysins, extracellular matrix binding protein (Emp),
extracellular adherance protein (Eap), Protein A and fibronectin-binding proteins during
exponential growth (Goerke et al., 2001; Harraghy et al., 2005). Similarly, rot
upregulates surface proteins, including Protein A and clumping factor B and down
regulates exoproteins such as hemolysins, proteases, and lipases (Pragman and
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Schlievert, 2004; Benson et al., 2011). Under the regulation of rot and sae, ssl
expression would occur early during colonisation and infection, possibly providing a
mechanism of immune evasion until the bacterial density in the colony reaches quorum
and the activation of agr induces the expression of invasive virulence factors (Benson et
al., 2012).
This proposed expression pattern of SSLs has also been shown to apply to other S.
aureus virulence factors, such as the secreted proteins Staphylococcal complement
inhibitor (SCIN) and chemotaxis inhibitory protein of staphylococci (CHIPS), which
are generally produced during early exponential growth (Rooijakkers et al., 2006).
Expression of various complement controlling virulence factors during the colonisation
phases is likely a key strategy for S. aureus to overcome host immune defence during
initial infection and could allows the establishment ongoing colonisation of the host.

84

Chapter 4 Characterisation of the Structural Basis for Complement
Inhibition by SSL7
4.1

INTRODUCTION

SSL7 has previously been shown to bind serum IgA1 and secretory mucosal IgA2 with
high affinity (Langley et al., 2005; Ramsland et al., 2007). Mutagenesis studies and a
crystal structure of SSL7 bound to the Fc section of human IgA1 have mapped the
SSL7:IgA interaction to an overlapping site at the Cα2/Cα3 junction on IgA and the
OB-fold domain on SSL7 (Wines et al., 2006; Ramsland et al., 2007). The IgA receptor
FcαRI recognises the same domain on the IgA molecule and consequently SSL7 is able
to competitively inhibit binding (Ramsland et al., 2007). Residues in the Cα2/Cα3
junction involved in FcαRI binding are conserved between all human IgA subclasses
and allotypes (Herr et al., 2003), suggesting that SSL7 could be able to interact with all
IgA molecules in the same way.
The crystal structure of SSL7:IgA Fc implies the recognition of IgA by SSL7 is
predominantly through the OB-fold, leaving the β-grasp domain extended beyond the
Cα3 domain, and open to interact with C5. The crystal structure of SSL7:C5 localises
the SSL7 interaction with C5 to the distal macroglobulin (MG) 1 and MG5 domains,
away from the C5a cleavage site (Laursen et al., 2010).
The crystal structure of SSL7 bound to human IgA revealed a complex in which the IgA
Fc homodimer was bound by two SSL7 molecules, each interacting with one of the IgA
heavy chains (Ramsland et al., 2007).
The two solved crystal structures of SSL7 in complex with human C5 or IgA localise
the two molecules on opposing ends of SSL7, suggesting no interaction or interference
between them. The formation of a large pentameric complex between human IgA and
two SSL7 molecules, each bound to a C5 molecule seems plausible. Parts of this
chapter investigate the simultaneous binding of IgA and C5 by SSL7 and the possible
formation of a pentameric complex.
Excessive complement activation and disruption of regulation have long been
associated with inflammatory diseases. The ability of SSL7 to block C5 activation could
provide the basis for the development of a novel C5 inhibitor. The full length SSL7
protein is of bacterial origin and therefore can stimulate an adaptive immune response.
Antibodies against SSL7 can consistently be found in serum samples of bacteraemia
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patients as well as healthy controls (Ritchie, 2010). A greater therapeutic long-term
success as an anti-inflammatory compound might be achievable with a truncated
version or small peptide modelled on SSL7 that retains specificity and activity while
being less immunogenic.
Binding of C5 to SSL7 has been shown to occur through the C-terminal β-grasp domain
leaving the OB domain free to interact with IgA. The core of the interaction between
SSL7 and C5 has been pinpointed to the region between the amino acids G114 and I120
(Laursen et al., 2010). Based on this publication a small 16 amino acid peptide was
created, duplicating the sequence of the β-strands containing the core residues
responsible for C5 binding. Throughout this thesis this peptide is referred to as
SSL7L106-D121 peptide. In order to gain more insight into the molecular mechanisms
underlying complement inhibition by SSL7, parts of this chapter investigate the
potential of the SSL7 β-grasp and the SSL7L106-D121 peptide to interfere with
complement activation.

86

4.2

RESULTS

4.2.1 Characterisation of Pentameric IgA-SSL72-C52 Complex Formation
4.2.1.1

Simultaneous Binding of C5 and IgA by SSL7

In order to investigate the possible formation of a pentameric complex between SSL7,
C5 and IgA, purified proteins were combined. SSL7 was added to C5 or IgA, or to a
combination of both of them in a 2:2:1 molar ratio. Formed complexes were separated
according to size by Superdex 200 5/150 GL gel-filtration and proteins contained in the
fractions were visualised by SDS page gel.
By combining SSL7 (24 kDa) with both C5 (190 kDa) and IgA (170 kDa), a dominant
peak at approximately 600 kDa was eluted (Figure 4.1A, peak a), consistent with the
predicted molecular mass of a pentameric complex containing two molecules of SSL7
each bound to a C5 molecule, linked by a single IgA molecule (IgA-SSL72-C52) of 598
kDa. A combination of SSL7 with C5 alone resulted in a peak eluting at approximately
200 kDa, consistent with the predicted molecular weight of the heterodimer of 213 kDa
(Figure 4.1A, peak b). Similarly, SSL7 combined with IgA alone eluted near the 200
kDa mark, suggesting the formation of an IgA-SSL7-dimer (molecular weight of 203
kDa), but not excluding the formation of an IgA-SSL72 trimer (molecular weight of 227
kDa) (Figure 4.1A, peak c).
Analysis of the fractions by SDS-page gel under reducing conditions confirmed the
simultaneous binding of C5 and IgA by SSL7. All three proteins were found in the peak
that eluted at 600 kDa (Figure 4.1B, lane a. Peak b and c eluted at 200 kDa and other
than SSL7 contained C5 (Figure 4.1B, lane b and IgA (Figure 4.1B, lane c, respectively.
Fractions also contained trace amounts of other proteins, which were matched by
minimal contaminations found in the purified C5 and IgA protein preparations.
Impurities were most likely fibronectin (220 kDa) and anti-SSL7 IgG (IgG heavy chain;
50 kDa).
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Figure 4.1: Superdex gel-filtration analysis of the SSL7 complex
A) Gel-filtration analysis of 20 µM SSL7 combined with both 20 µM C5 and 10 µM
IgA or with each individually. B) Reducing SDS-page analysis of SSL7, C5 and IgA
alone against fractions from gel-filtration as indicated in A. Results are representative
for three separate experiments.
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4.2.1.2

Formation of SSL7 Complex in Human Serum

To investigate the potential of SSL7 to form a pentameric complex in human blood,
SSL7 wt, SSL7 C5- and SSL7 IgA- were each incubated with 90% serum. Superdex 200
5/150 GL gel-filtration was used to separate any formed complexes and fractions were
analysed by sandwich ELISA. Affinity-purified anti-SSL7 coated onto the plate
captured SSL7 in the fractions and an anti-human C5 antibody was used to detect C5
bound to SSL7.
Incubation of human serum with SSL7 resulted in C5 detection predominantly in the
early fractions (fraction 4-5) eluted from the size-exclusion column at approximately
600 kDa, consistent in size with an IgA-SSL72-C52 pentameric complex with a
predicted molecular weight of 598 kDa (Figure 4.2). C5 in serum incubated with SSL7
IgA- was detected in later fractions of elution (fraction 8-9) from the size-exclusion
column with a peak at approximately 200 kDa, which is consistent in size with a
proposed SSL7-C5 heterodimer with a molecular mass of 213 kDa. The SSL7 C5mutant protein incubated with serum formed no detectable C5 containing complexes
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(Figure 4.2).
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Figure 4.2: Formation of SSL7 complex in human serum
Human serum (90 %) was incubated with 20 µM SSL7 wt, SSL7 C5- (C5-) or SSL7
IgA- (IgA-) and separated by gel filtration. Column fractions were collected and
analysed by sandwich ELISA using wells coated with anti-SSL7 antibody and C5 was
detected with anti-human C5 antibody. Data combines triplicate readings plotted as
mean ± SD and represents two separate experiments.
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4.2.2 Characterisation of Complement Inhibitory Activity by SSL7 β-grasp and
SSL7L106-D121 Peptide
The ability of SSL7 to interfere with complement activation has previously been
established in two assays investigating haemolytic and bactericidal activity of human
serum (Langley et al., 2005). The same two assays were used to investigate the
potential of the SSL7 β-grasp and the SSL7L106-D121 peptide to disturb complement
activity. These two assays both look at one of the two major effects of complement
activation, the formation of C5b-9. In order to also investigate their influence on a
second major effect of complement activation, SSL7 β-grasp and SSL7L106-D121 peptide
were also analysed for their effect on the generation of C5a.

4.2.2.1

Inhibition of C5b-9 Formation by SSL7 β-grasp and SSL7L106-D121 Peptide

Activation of complement in serum leads to the formation of the membrane attack
complex (C5b-9). Formation of C5b-9 can be assessed in two distinct assays through
the read out of erythrocyte lysis (serum haemolytic activity) and lysis of bacterial cells
(serum bactericidal activity). SSL7 wt potently inhibited the lysis of sheep erythrocytes
in 2.5% human serum in a dose dependant manner (Figure 4.3). SSL7L106-D121 peptide
failed to interfere with complement activation at any dose tested and haemolytic activity
superimposed on SSL7 IgA-C5-. SSL7 β-grasp was able to reduce lysis of erythrocytes,
but inhibition failed to reach the same level as SSL7 wt. The estimated half-maximal
inhibition for SSL7 β-grasp was found to be slightly lower than that of SSL7 wt (0.02
µM compared to 0.015 µM, respectively).
Similarly, SSL7 β-grasp increased survival of E. coli in human serum by blocking the
formation of C5b-9 and subsequent bacteriolysis (Figure 4.4). As seen in previous
assays, the effect of SSL7 β-grasp was moderately less when compared to SSL7 wt,
while SSL7L106-D121 peptide failed to influence bacterial survival in 2.5 % human serum.
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Figure 4.3: Inhibition of serum haemolytic activity by SSL7 β-grasp and SSL7L106D121 peptide
Lysis of sheep erythrocytes in 2.5 % human serum with and without 0.5 µM SSL7 wt
and β-grasp protein or SSL7L106-D121 peptide (peptide) was quantified by triplicate
A412nm readings, plotted as mean ± SD. Graphical estimations of half-maximal
inhibition for SSL7 wt and SSL7 β-grasp are marked a and b, respectively. Results are
representative for two independent experiments.
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Figure 4.4: Inhibition of serum bactericidal activity by SSL7 β-grasp and SSL7
L106-D121 peptide
Enumeration of bacterial survival in 5 % human serum in the presence of 1 µM SSL7
wt and β-grasp protein or SSL7L106-D121 peptide (peptide) compared to a no serum (no
ser.) survival control. Results are representative for two separate experiments and are
shown as mean ± SD of triplicate colony counts.
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4.2.2.2

Inhibition of C5a Generation by SSL7 β-grasp and SSL7L106-D121 Peptide

To examine the effect of SSL7 β-grasp and SSL7L106-D121 peptide on the second major
consequence of complement activation, the generation of C5a, a C5a sandwich ELISA
was used. SSL7 wt potently inhibited C5a generation in a dose dependant manner and
reached half-maximal inhibition at a concentration of 0.02 µM. SSL7 β-grasp displayed
an intermediate capacity to interfere with C5a generation. Concentrations of 0.06 µM or
more were able to reduce C5a generation close to half-maximal inhibition, but only very
high concentrations (0.35 µM) reached half-maximal levels of inhibition when
compared to SSL7 wt (Figure 4.5). SSL7L106-D121 peptide was not able to block
activation of complement with C5a generation equivalent to SSL7 IgA-C5- activity.
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Figure 4.5: Influence of SSL7 β-grasp and SSL7 L106-D121 peptide on the generation
of C5a
Sandwich ELISA assessment of the effect of graded doses of protein or SSL7L106-D121
peptide (peptide) on the generation of C5a in 2.5 % human serum in response to heatkilled S. aureus. C5a generation is shown in comparison to activated (act.) and nonactivated (non-act) serum. Half maximum activity is indicated on the graph as dotted
line and graphical estimations of half-maximal inhibition for SSL7 and SSL7 IgA- are
marked a and b, respectively. Data shown are means ± SD of triplicate readings and are
representative for two independent experiments with separate serum donors.
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4.3

DISCUSSION

Combination of purified human C5 and IgA with SSL7 confirmed that SSL7 is able to
simultaneously bind human C5 and IgA, strongly suggesting the formation of a large
complex. These complexes formed in solution, which confirms the possible formation
of a pentameric complex between one molecule of IgA and two molecules of SSL7,
each interacting with a C5 molecule while bound to one of the two heavy chains of the
IgA homodimer (IgA-SSL72-C52) (Figure 4.6).
The pentameric model does not predict any direct contact between C5 and IgA and
suggests steric hindrance as an inhibitory mechanism. Binding of SSL7 to C5 alone is
sufficient to mask the C5 convertase recognition site, however addition of bound IgA
greatly increases the size and make-up of the complex, transforming a SSL7-C5 heterodimer (predicted molecular mass of 213 kDa) to an IgA-SSL72-C52 pentamer (predicted
molecular mass of 598 kDa), thus making C5 highly inaccessible to either of the two C5
convertases. A structural model of the pentameric IgA-SSL72-C52 complex was created,
incorporating the published structures of the IgA Fc-SSL72 complex (Ramsland et al.,
2007) and the CVF-C5-SSL7 complex (Laursen et al., 2011). The surface
representation of the structural model predicts only a minimal overlap of a single SSL7
molecule bound directly to C5 with the convertase (marked ‘°’ Figure 4.7), whereas the
IgA Fc bound to this SSL7 would, to a greater extent, overlap with C3b (marked ‘*’
Figure 4.7). A second SSL7 bound to the IgA Fc would be expected to further constrain
the interaction, while a second C5 molecule bound to this SSL7 would most likely
completely prevent binding of the convertase to both C5 molecules captured in the
complex.
The crystal structure of SSL7 in complex with C5 and the C3b homologue cobra venom
factor (CVF) confirmed recognition of C5 by pairing of the SSL7 C-terminal β-grasp
with the C5 MG5 domain, while the N-terminal OB-domain of SSL7 remained
unbound. SSL7 weakened the binding of CVF to C5 but failed to prevent complex
formation completely (Laursen et al., 2011), supporting the hypothesis that SSL7 alone
inhibits C5 cleavage to a moderate degree, with full inhibition only being obtained by
simultaneous binding of IgA.
The crystal structure of SSL7:C5 has revealed that the SSL7 β-grasp domain binds
chiefly to the MG1 and MG5 domain with minor contributions of the MG2 and MG5
domain of C5 (Laursen et al., 2010). Since the C5 convertase cleavage site and the C5a
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domain are located on the opposite side of the C5 molecule, direct interference of C5
cleavage by SSL7 as an inhibitory mechanism appears highly unlikely. We theorise that
SSL7 blocks C5 cleavage distally from the C5a domain by interfering with the
recognition of C5 by the C5 convertase. Another complement inhibitor to interfere with
complement activation by intervention of convertase recognition has recently been
described. The Ornithodoros moubata C5 inhibitor (OmCI) directly binds to the C345C
domain of C5 subsequently preventing C5 convertase recognition and thereby cleavage
into C5b and C5a (Hepburn et al., 2007). OmCI stabilises the otherwise flexible C345C
domain and thereby blocks the direct interaction of the domain with the C5 convertase
(Fredslund et al., 2008). The C345C domain, like the MG1 and MG5 domains, is
located on the reverse side in relation to the C5a domain and C5 cleavage site, however
on the top end of the protein. This suggests that domains spread along the entire
molecule are of importance for the recognition of C5 by the C5 convertases.
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C5a

SSL7

C5

C5a

Figure 4.6: Structural model of a IgA Fc-SSL72-C52 pentameric complex
Modelled surface representation of complex formed by SSL7 (blue) with two C5 (grey)
and one IgA Fc (green) molecule. The C5a domain within the C5 molecule is
highlighted in red. Figure adapted from personal correspondence with Prof. J. Fraser,
University of Auckland, New Zealand.
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The small peptide SSL7L106-D121 modelled on the C5 binding site of SSL7 failed to
inhibit complement-mediated serum haemolytic and bactericidal activity, as well as C5a
generation in response to heat-killed S. aureus. These results support the proposed
mechanism of complement inhibition by SSL7 through steric hindrance of C5
recognition by the two convertases. The size of the small SSL7L106-D121 peptide bound to
the C5 molecule was not sufficient to interfere with the recognition by the convertases,
suggesting that the secondary structure and amino acid charges surrounding the key
residue for C5 binding, which are non-existing in the SSL7L106-D121 peptide, may also
play a role during C5 binding by SSL7. These results also indicate that the recognition
site for the C5 convertases on C5 is not identical with the core residues interacting with
SSL7, which were covered by the SSL7L106-D121 peptide.
However the SSL7 β-grasp was able to intermediately inhibit complement activation,
lowering erythrocyte lysis, bacterial killing and C5a generation. In accordance with the
hypothesis of steric hindrance as the mechanism of complement inhibition, binding of
the larger SSL7 β-grasp is able to interfere with the binding of C5 to the convertases.
However the reduced effect of the SSL7 β-grasp compared to SSL7 wt suggests that the
whole pentameric complex is needed for efficient inhibition of the C5 cleavage.
Considering the lack of activity of the SSL7L106-D121 peptide tested here, the design of a
small molecule based on the SSL7 β-grasp structure might be more promising. A small
molecule designed to mimic complement inhibition while circumventing problems with
immunogenic reactions and pre-existing antibodies is an appealing prospect. Inhibition
of complement at the C5 stage bears the advantage that upstream complement effects
such as C3b opsonisation of pathogens, solubilisation and clearance of immune
complexes and activation of immune effector cells would remain unaffected. At the
same time unwanted C5a mediated inflammation, cell and tissue damage as well as
uncontrolled C5b-9 formation could be prevented. Side effects would be expected to be
minimal since even though an increased risk of infections with meningococci and
gonococci is associated with deficiency in components of the membrane attack
complex, affected individuals are otherwise healthy (Morgan and Walport, 1991).
Furthermore, inhibitors modelled on SSL7 binding to C5 could potentially provide a
cost effective alternative to humanised antibodies, currently used as treatment of
diseases uniquely associated with end-stage complement activation, such as paroxysmal
nocturnal hemoglobinuria (PNH) (Rother et al., 2007). Moreover, the SSL7 β-grasp
could potentially provide the template for a selective inhibitor of lytic C5b-9 formation
95

without affecting the essential, immunoregulatory role of C5a. The therapeutic value of
SSL7 wt or SSL7 β-grasp has yet to be determined, however SSL7 clearly identifies a
crucial region on C5 to target with therapeutics in order to inhibit excessive hemolysis
without affecting C5a-mediated immunity (Laursen et al., 2010).
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Figure 4.7: Structural model of complement inhibition by SSL7
Surface representation of a structural model of the IgA Fc-SSL72-C5 complex generated
prepared using PyMOL (http://www.pymol.org). Incorporated were published structures
of the IgA Fc-SSL72 complex (PDB accession number: 2QEJ; (Ramsland et al., 2007))
and the CVF-C5-SSL7 complex (PDB accession number: 3PRX; (Laursen et al.,
2011)). Overlaps between SSL7 and CVF and IgA Fc and CVF are marked with ‘°’ and
‘*’, respectively.
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Chapter 5 Inhibition of Complement Activation by SSL7

5.1

INTRODUCTION

Complement activation plays a crucial role in innate immune clearance of human
pathogens such as S. aureus. Recognition of pathogen specific surface structures or
effector regions of antigen bound antibodies triggers three distinct pathways of
activation, all converging at the cleavage of C5 into C5a and C5b.
The anaphylatoxin C5a mediates important proinflammatory events such as cell
activation, chemotaxis, respiratory burst and release of cytokines through binding to the
C5a receptor (CD88) on myeloid cells (Klos et al., 2009).
The larger C5b fragment rapidly associates with C6, C7, C8 and multiple molecules of
C9 to assemble C5b-9, also called the membrane attack complex (MAC), on the surface
of microorganisms, leading to complement-mediated lysis of Gram-negative bacteria
(Podack and Tschopp, 1984; Rosado et al., 2008).
SSL7 simultaneously binds to C5 and IgA forming a large pentameric complex. This
chapter investigates the consequences of confining C5 in such a large complex by
analysing the generation of C5a and the formation of C5b-9. The contribution of IgA
binding to the ability of SSL7 to inhibit complement activation is investigated with the
help of the three SSL7 mutants, SSL7 C5-, SSL7 IgA- and SSL7 IgA-C5-.
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5.2

RESULTS

5.2.1 Pathway Specific Inhibition of Complement by SSL7
Following the activation of complement, C5 is cleaved by either the C5 convertase of
the classical and MBL pathway (C4bC2aC3b) or the convertase of the alternative
pathway (C3bC3bBb). S. aureus invading the host is likely to trigger the activation of
all three pathways, however it is unknown whether binding of C5 by SSL7 leads
towards complement pathway specific inhibition. A commercially available enzyme
immunoassay was used for the qualitative analysis of classical, MBL, and alternative
complement pathway activity in the presence of SSL7 wt and mutant proteins. The
assay allows the investigation of an individual complement pathway by combining
specific pathway activator with a buffer blocking system eliminating the other two
pathways. Complement functional activity of the pathways is detected with antibodies
specific for a neoantigen produced during complement activation and C5b-9 formation
(Wieslab® complement system screen manual).
SSL7 wt potently reduces complement activity in all three pathways compared to serum
alone. Activation of complement through the classical pathway was down to 5.8 %,
MBL pathway activity as little as 6.3 % and the alternative pathway was 2.8 % active
(Figure 5.1).
SSL7 IgA- reduced complement C5b-9 deposition through the classical and MBL
pathways down to 3.1 % and 4.9 %, respectively. While inhibition by SSL7 IgA- in the
classical and MBL pathways was comparable to the inhibition by SSL7 wt, complement
activity through the alternative pathway was less affected with 30.1 % activity
remaining.
All three complement pathways were largely unchanged by the addition of SSL7 C5and SSL7 IgA-C5-, retaining full complement activity.
5.2.2 Inhibition of Complement-mediated Haemolytic Activity by SSL7
The ability of SSL7 to inhibit complement activation was investigated in a modified
complement haemolytic assay. The assays are routinely used to analyse lytic serum
complement activity and diagnose complement deficiencies in human serum. In these
assays complement activation leads to the formation of C5b-9 on the surface of
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Figure 5.1: Inhibition of complement activity of the classical, MBL and
alternative pathway by SSL7
®
A Wieslab complement system screen was used to assess the effect of SSL7 wt and
mutant proteins on the activation of individual complement pathways. Serum was
diluted according to manufacturer’s instructions at separate ratios for each pathway
(1:101 for classical and MBL pathway and 1:18 for alternative pathway). SSL7
concentrations were adjusted accordingly, comparing 0.18 µM protein in the classical
and MBL pathway to 1 µM protein in the alternative pathway. Results are shown in
comparison to complement activity of control serum (serum) and inactivated serum
(inact.). Data represents percentage of complement activity normalised to control
readings of serum alone ± SD for duplicate samples. Result is representative for two
independent experiments.

erythrocytes, causing the lysis of the cells and release of haemoglobin. The
haemoglobin in solution can be quantified and is directly correlated to the complement
activity in the serum tested. The ability of SSL7 to block complement-mediated human
serum haemolysis of allogeneic erythrocytes has been reported (Langley et al., 2005).
Here the published haemolytic assay was modified and optimised to analyse the effect
of SSL7 wt and mutant proteins on human and murine alternative pathway complement
activity.
SSL7 inhibited complement-mediated serum haemolysis of erythrocytes in human and
murine serum in a dose dependant manner (Figure 5.2).
In human serum, SSL7 IgA- showed a reduced ability to inhibit haemolysis when
compared to equivalent doses of SSL7 wt (Figure 5.2A). The divergence between the
two proteins was more prominent at lower concentrations (0.125 µM) and was minimal
at higher doses (1 µM). No indication of inhibition of haemolysis was observed for
SSL7 C5- and SSL7 IgA-C5- at all concentrations tested (Figure 5.2 A).
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Figure 5.2: In vitro inhibition of complement-mediated serum haemolysis by SSL7
Human and murine serum complement-mediated lysis of erythrocytes was assessed in
the presence of graded doses of SSL7 wt and mutant proteins. Graphs show
quantification of haemolysis as mean ± SD of triplicate A412nm readings corrected for
background. A) Lysis of sheep erythrocytes by 2.5 % human serum. Data represents
several independent experiments with separate serum donors. B) Lysis of rabbit
erythrocytes by 2.5 % murine serum. Data represents three separate experiments with
separate serum samples.

Maximal haemolytic activity of murine serum (A412nm ~ 0.35) was much lower when
compared to human serum (A412nm ~ 1.85) (Figure 5.2B). Inhibition of lysis of rabbit
erythrocytes by SSL7 IgA- superimposed on the haemolytic activity observed for SSL7
wt (Figure 5.2B).
Analogous with the lack of effect in human serum, both C5 binding mutants - SSL7 C5and SSL7 IgA-C5- - lacked the ability to inhibit haemolytic activity of murine serum
and were unable to reduce lysis below serum control levels (Figure 5.2B).
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5.2.3 Inhibition of C5a Generation in Human and Murine Serum by SSL7
SSL7 inhibited C5a generation in response to heat-killed S. aureus in human and
murine serum in a dose dependant manner (Figure 5.3). In human serum maximal
inhibition of C5 cleavage was observed for concentrations of 0.1 µM or more SSL7,
reducing levels of C5a generated to that found in non-activated serum of approximately
20 ng/ml (Figure 5.3A). Full activation of serum resulted in the generation of
approximately 140 ng/ml C5a, estimated half maximum inhibition and the generation of
60 ng/ml C5a was observed at a concentration of 0.03 µM SSL7. SSL7 IgA- also
displayed a dose dependant inhibition of C5a generation, however a reduced maximum
inhibition capability was observed. Inhibition of C5a generation levelled at 60 ng/ml
C5a even for high concentrations of SSL7 IgA-.
No inhibition of complement activation and C5a generation was observed for SSL7 C5and SSL7 IgA-C5- even at the highest doses tested (Figure 5.3A).
In serum gained from BALB/c mice, inhibition of C5a generation by SSL7 wt and
SSL7 IgA- was comparable (Figure 5.3B). Inhibition for both proteins was dose
dependant with half maximum inhibition found to be similar between SSL7 wt (0.02
µM) and SSL7 IgA- (0.035 µM). High doses of both proteins (0.5 µM) were able to
reduce C5a generation to near control levels of non-activated serum. The C5a
background detected in non-activated murine serum was found to be 35 ng/ml and
thereby moderately higher than in human serum, which was determined to contain 20
ng/ml C5a in a non-activated state. SSL7 IgA- was observed to reduce C5a levels in
both species to around 50 - 60 ng/ml C5a. In comparison, the highest dose of SSL7 wt
was able to reduce C5a generated in human serum to 28 ng/ml, while C5a levels in
murine serum were reduced to 50 ng/ml, similar to the level of C5a generated with the
addition of SSL7 IgA-.
Similarly to the observations in human serum, SSL7 C5- and SSL7 IgA-C5- failed to
alter the generation of C5a in murine serum (Figure 5.3B).
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Figure 5.3: Inhibition of C5a generation in human and murine serum by SSL7
The effects of graded doses of SSL7 wt and mutants on the generation of C5a in 5 %
human A) and 2.5 % murine serum B) in response to heat-killed S. aureus were
assessed by sandwich ELISA. Dashed line in both graphs indicates half-maximum C5a
generation with the dotted lines indicating graphical estimation of half-maximum
inhibition for SSL7 (a) and SSL7 IgA- (b). Results were statistically analysed by oneway ANOVA and Tukey’s multiple comparison test and asterisks of the plot legend
denote significant differences relative to SSL7 (*P<0.05 and **P<0.01). Results are
shown as mean ± SD of triplicates in comparison to activated (act.) and non-activated
(non-act) serum and are representative of three separate experiments.
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5.2.4 Influence of SSL7 on the Formation of the Membrane Attack Complex,
C5b-9
Activation of complement leads to the cleavage of C5 into C5a and C5b. The larger
fragment C5b associates with C6, C7, C8 and several molecules of C9 to form the
terminal complement complex, the membrane attack complex (MAC, C5b-9) (Walport,
2001). SSL7 is able to bind to the C5b molecule once C5a is cleaved off during
complement activation (Laursen et al., 2010). SSL7 was tested for its ability to inhibit
the formation of C5b-9 in an ELISA based assay and on the surface of bacteria.
5.2.4.1

Inhibition of C5b-9 Formation by SSL7

In an ELISA detecting for the deposition of C5b-9, SSL7 wt potently blocked the
formation of C5b-9 on the surface of heat-killed S. aureus in a dose dependant manner
(Figure 5.4). Doses of 0.25 µM SSL7 or higher were able to minimise C5b-9 formation
in 2.5 % human serum to a level comparable to heat-inactivated serum. Inhibition of
C5b-9 formation was less effective for SSL7 IgA- when compared to SSL7 wt. The two
proteins overlapped in their ability to inhibit C5b-9 formation at concentrations below
0.01 µM, while for doses above this level the difference was more prominent. For both
SSL7 C5- and SSL7 IgA-C5- no inhibitory effect was observed at any concentration
(Figure 5.4).
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Figure 5.4: Inhibition of C5b-9 Formation by SSL7
Deposition of C5b-9 on the surface of heat-killed S. aureus was analysed by ELISA.
Reduced C5b-9 formation in the presence of SSL7 wt and mutants is shown in
comparison to serum alone (serum) and heat-inactivated (inact) serum. Results were
statistically analysed by one-way ANOVA and Tukey’s multiple comparison test and
asterisks on the plot legend denote significant differences relative to SSL7 (*P<0.05 and
***P<0.001). Triplicates were plotted as mean ± SD and the graph is representative of
three independent experiments with separate serum donors.
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5.2.4.2

Inhibition of C5b-9 Formation on the Surface of Gram-positive Bacteria
by SSL7

5.2.4.2.1 C5b-9 Formation on the Surface of Gram-positive Bacteria
Formation of C5b-9 was readily detected on the surface of both live and dead S. aureus
Newman spA- opsonised with 5 % human serum (Figure 5.5 A). Moderately less C5b-9
was regularly detected on the surface of live S. aureus when compared to dead bacteria.
To exclude the influence of varying bacterial growth and protein expression and achieve
consistency between tests, dead bacteria were the preferred option for subsequent
experiments. To rule out differences in C5b-9 formation due to surface conformational
changes or other alterations to the bacteria, C5b-9 formation on heat-killed, 70 %
EtOH-denatured and UV-irradiated S. aureus was compared. All bacteria tested
displayed consistent formation of C5b-9 (Figure 5.5 B) and for ease of experimental
procedures heat-killed bacteria were used in experiments outlined below.
Formation of C5b-9 on the surface of Gram-positive bacteria did not result in cell lysis
(data not shown).

5.2.4.2.2 Reduction of C5b-9 Formation by SSL7
Once formation of C5b-9 on the surface of heat-killed S. aureus was confirmed, the
influence of SSL7 was investigated. SSL7 added to the serum during opsonisation of S.
aureus reduced the amount of C5b-9 formed (Figure 5.6 A). The inhibitory effect on
C5b-9 by SSL7 was dose dependant and titrated out. High doses of 0.5 µM SSL7 were
able to reduce levels of C5b-9 formation close to non-opsonised bacteria. No effect was
observed for 0.01 µM SSL7.
No effect on C5b-9 formation was observed when SSL7 C5- or SSL7 IgA-C5- was
present in serum during opsonisation of S. aureus (Figure 5.6 B). In contrast SSL7 IgAwas able to reduce C5b-9 formation, but was found to be moderately less potent
compared to an equivalent dose of SSL7 wt (Figure 5.6 B).
Addition of SSL7 to serum during opsonisation of Gram-positive bacteria was also able
to reduce C5b-9 formed on the surface of S. pyogenes, L. lactis, and several S. aureus
strains. All S. aureus strains used had been manipulated to lack protein A and included
clinical isolates, the laboratory strain Newman and the mouse adapted strain JSNZ.
Strains were chosen to broadly cover several S. aureus sequence types.
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C5b-9 was readily formed on all bacterial strains tested, with the highest level detected
on S. pyogenes and L. lactis (Figure 5.7). SSL7 was able to reduce C5b-9 formation on
the surface of all the bacteria tested (Figure 5.7).
Interestingly, less C5b-9 was formed on three of the four clinical isolates when
opsonised with serum. SSL7 was able to further reduce C5b-9 formed to levels found in
all other bacterial strains.
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Figure 5.5: Formation of C5b-9 on the surface of live and dead S. aureus
C5b-9 formation was analysed by flow cytometry. A) Comparison of C5b-9 formation
on the surface of non-opsonised (non-ops) and opsonised live and heat-killed S. aureus.
B) Formation of C5b-9 on the surface of S. aureus killed in three different ways
compared to non-opsonised (non-ops) S. aureus. Data represents two separate
experiments.
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Figure 5.6: Influence of SSL7 wt and mutants on C5b-9 formation
C5b-9 formation on heat-killed S. aureus was analysed by flow cytometry. A) Graded
doses of SSL7 and B) 0.5 µM SSL7 wt and mutant protein compared to the formation
of C5b-9 on the surface of non-opsonised (non-ops) and opsonised (ops) S. aureus. Data
was statistically analysed by one-way ANOVA and Tukey’s multiple comparison test
and asterisks denote significant differences when compared to opsonised controls
(*P<0.05). Data represents two independent experiments.
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Figure 5.7: Inhibition of C5b-9 formation by SSL7 on Gram-positive bacteria
Flow cytometry analysis of C5b-9 formation of the surface of Gram-positive bacteria
opsonised with 5 % serum in the absence (ops.) or presence of 0.5 µM SSL7 (SSL7)
compared to non-opsonised (non-ops.) bacteria. Results are representative for two
independent experiments.
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5.2.4.2.3 Effect of SSL7 Expression on C5b-9 Formation on the Surface of L. lactis
C5b-9 was also readily formed on the surface of L. lactis pOri23T when incubated with
5% human serum (Figure 5.8). L. lactis carrying the empty vector construct was not
able to interfere with C5b-9 formation. In contrast, expression of SSL7 by L. lactis
pOri23T:ssl7+ reduced the amount of C5b-9 formed on the surface (Figure 5.8).
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Figure 5.8: Reduced C5b-9 formation on L. lactis expressing SSL7
Flow cytometry analysis of C5b-9 formation on the surface of SSL7 expressing L. lactis
pOri23T:ssl7+ compared to L. lactis pOri23T and non-opsonised (non-ops) L. lactis
pOri23T. Results were statistically analysed by one-way ANOVA and Tukey’s multiple
comparison test and asterisk denotes a significant difference relative to the opsonised
control (*P<0.01). Results are representative for two independent experiments, with
separate serum donors.

108

5.3

DISCUSSION

Complement activation initiates the immune defence against pathogens through
stimulation of phagocytosis and triggering of proinflammatory signalling cascades.
Interference with this early step of host defence presents a great advantage for the
pathogen during host colonisation and immune evasion. SSL7 potently interferes with
complement activation through all three pathways of complement activation; the
classical, the MBL and the alternative pathway.
Binding of C5 by SSL7 prevented the cleavage of C5, resulting in an efficient inhibition
of complement-mediated haemolysis and generation of C5a in serum stimulated with
heat-killed S. aureus.
The estimated concentration of C5 in 10 % human serum is 0.04 µM (~7.5 µg/ml)
(Müller-Eberhard, 1986) and effective doses for the inhibition of C5a generation and
haemolytic activity by SSL7 were calculated to be 0.02 - 0.05 µM SSL7. This suggests
that an effect can be first observed when about half of the C5 molecules in serum are
bound by SSL7 with a full effect for doses of SSL7 matching the concentration of C5 in
serum, in accordance with the hypothesis of a pentameric IgA-SSL72-C52 complex,
which predicts a 1:1 binding of SSL7 to C5. The amount of SSL7 present has to be
assumed to be the limiting factor during pentamer formation, since IgA, with a serum
concentration of 20 µM (~3.2 mg/ml) (Kerr, 1990), far exceeds the concentration of C5.
The peptidoglycan-rich capsule structure of Gram-positive bacteria makes them
resistant to lysis by C5b-9 (Lambris et al., 2008). Evidence that C5b-9 is formed on the
cell wall of Gram-positive bacteria such as S. pneumoniae without complementmediated killing has been previously presented (Joiner et al., 1983). The results
included in this chapter demonstrate that C5b-9 is formed and remains surface
associated on S. aureus, S. pyogenes and L. lactis and that SSL7 was able to inhibit the
formation of C5b-9 on all the species tested. Small differences in the ability to inhibit
C5b-9 formation among clinical isolates used in this study highlight the previously
described variability in gene expression between various S. aureus strains (Wolf et al.,
2011). The ssl7 gene is conserved between S. aureus strains and clinical isolates
(Holtfreter et al., 2004). The activity of gene regulators controlling the expression of
SSLs, such as sae and agr is highly variable in different S. aureus strains, resulting in
large variations of secreted SSL protein (Rogasch et al., 2006). Additionally, regulatory
RNA molecules have recently been described to modulate the expression of numerous
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S. aureus genes, contributing to the individual phenotype of clinical S. aureus isolates
(Morrison et al., 2012). Accordingly, even thought ssl7 is conserved, the extent of
expression would be expected to vary between individual strains and clinical isolates.
Gram-positive bacteria were not lysed through the formation of C5b-9 and we
hypothesis that a likely role of C5b-9 in this case might be to augment phagocytosis. It
is possible that the terminal complement components on the surface of the bacterium act
as a trigger to enhance phagocytosis and intracellular bacterial killing. Inhibition of
C5b-9 formation would therefore complement the inhibition of C5a generation and the
consequent blocking of anaphylatoxin mediated immune activation, increasing survival
of S. aureus in the host.
The expression of SSL7 by L. lactis pOri23T:ssl7+ was able to reduce the amount of
C5b-9 formed on the surface when compared to an empty vector control. However,
C5b-9 formation was not blocked completely. L. lactis pORi23T:ssl7+ was grown into
mid exponential phase, in which SSL7 expression had been confirmed previously, and
diluted before addition to the assay. Results presented in Chapter 3 showed that during
the mid-exponential growth phase approximately 3.5 µg/ml SSL7 is present in the
culture media. However, the incomplete block of C5b-9 formation might be due to the
fact that SSL7 produced during growth was greatly diluted and L. lactis pOri23T:ssl7+
was unable to generate sufficient amounts of SSL7 during 30 min of incubation with
serum.
The inhibition of both C5a generation and C5b-9 formation were dependent on the
binding of C5 by SSL7. Mutagenesis of the C5 binding site in SSL7 C5- and SSL7 IgAC5- abolished inhibition in all assays included in this chapter. Binding of IgA by SSL7
was not required to affect complement activation, but had an enhancing effect.
Accordingly, no difference in the effects of SSL7 wt and SSL7 IgA- were seen in assays
with murine serum, since SSL7 wt is unable to bind murine IgA (Langley et al., 2005).
These findings support the predicted inhibition mechanism of SSL7 of steric hindrance
in which binding of SSL7 to C5 alone is sufficient to mask the C5 convertase
recognition site. Full inhibition of the C5 convertases however, only occurs with the
addition of IgA greatly increasing the size and make-up of the complex, thereby
transforming an SSL7-C5 hetero-dimer (predicted molecular mass of 213 kDa) to an
IgA-SSL72-C52 pentamer (predicted molecular mass of 598 kDa). Recently the C3b
homologue cobra venom factor (CVF) has been used to model binding of C5 to the C5
convertase, and revealed SSL7 weakened but not completely prevented the interaction
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(Laursen et al., 2011), supporting the hypothesis that SSL7 alone inhibits C5 cleavage
to a moderate degree with full inhibition only being obtained by simultaneous binding
of IgA.
IgA is the most abundant antibody secreted onto mucosal surfaces (Woof and Kerr,
2006) and can readily be utilised by S. aureus during colonization to evade complement
by including it in the complement-inhibiting pentameric complex. The secretory
component of dimeric IgA enhances the confinement of the antibody within mucus on
mucosal surfaces (Brandtzaeg, 2003). Therefore an additional role of binding of IgA by
SSL7 might be to concentrate SSL7 at the site of colonisation and infection thereby
localising complement inhibition and aiding immune evasion by S. aureus.
While SSL7 wt was found to be equally effective in inhibition of all three pathways of
complement activation, a difference was observed for SSL7 IgA-. The IgA binding
mutant was moderately less effective at inhibiting the alternative pathway, while
superimposing on SSL7 wt activity in both the classical and MBL pathways of
complement activation. Even though all three pathways converge to cleave C5, two
different C5 convertases are formed upon activation. The classical and MBL pathways
result in the formation of C4b2aC3b, while the alternative pathway leads to the
formation of C3b3bBb. Covalent binding to the C3b subunits in the alternative pathway
convertase initiates the cleavage of C5 by the Bb subunit (Discipio, 1981). A difference
in effectiveness of SSL7 IgA- between pathways could be based on differences in the
accessibility to the C3b subunit within the convertases. Binding of SSL7 IgA- alone to
C5 could be enough to prevent the recognition of C5 by the one C3b subunit contained
in the classical and alternative pathway C5 convertase, but IgA binding and thereby
entrapping of C5 in a larger complex might be necessary to completely prevent C5
recognition by the alternative pathway C5 convertase.
SSL7 effectively targets complement by binding to and preventing the cleavage of C5,
thereby blocking the generation of C5a and C5b-9 formation. These findings align
SSL7 with other known virulence factors of S. aureus interfering with complement.
Secreted S. aureus virulence factors such as Staphylococcal Complement Inhibitor
(SCIN) and Chemotaxis Inhibitory Protein of Staphylococcus aureus (CHIPS) interfere
with activation of complement as well as block signal transduction. SCIN stabilizes the
C3 convertase blocking the formation of C3b, hence hindering opsonisation and
phagocytosis (Rooijakkers et al., 2005). CHIPS binds to the C5a receptor and inhibits
the C5a induced response of innate immune cells (De Haas et al., 2004). As a
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consequence, complement-mediated immune responses such as C5b-9 formation and
neutrophil activation are prevented (Rooijakkers et al., 2006). Likewise SSL7 most
likely should be able to effectively interfere with complement-mediated immune
responses by interfering with the early stages of complement activation.
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Chapter 6 Influence of SSL7 on Effector Functions of Complement
6.1

INTRODUCTION

Cleavage of C5 into C5b and C5a upon complement activation initiates the late stage of
complement. C5b rapidly associates with C6, C7, C8 and multiple molecules of C9 to
assemble the membrane attack complex (MAC or C5b-9) on the surface of
microorganisms, leading to complement-mediated lysis of Gram-negative bacteria
(Rosado et al., 2008). C5b-9 is also formed on the cell wall of Gram-positive bacteria
such as S. pneumoniae without complement-mediated killing (Joiner et al., 1983).
Results presented in the previous chapter established that C5b-9 is formed and remains
surface associated on S. aureus and L. lactis, and that SSL7 can inhibit the formation of
C5b-9 on these species.
The anaphylatoxin C5a is a potent pro-inflammatory signal that among other things
triggers neutrophil chemotaxis, migration and enhances phagocytosis (Haas and Van
Strijp, 2007).
Both the formation of C5b-9 and the generation of C5a engage two of the three key
effector functions of complement. Firstly, lysis of targeted cells through the assembly of
C5b-9, and secondly, the priming and regulation of the immune response through the
potent proinflammatory anaphylatoxin C5a. The third important effector function of
complement is the clearance of target cells by opsonisation with the complement
opsonins C4b, C3b and C3bi and engagement of receptors on phagocytic macrophages
and neutrophils (Dunkelberger and Song, 2010). Complement opsonins are generated
during complement activation prior to the cleavage of C5 and therefore are not expected
to be influenced by SSL7.
Since S. aureus is not sensitive to serum or whole blood bactericidal activity, in this
chapter L. lactis was used as a model microorganism. Gram-positive L. lactis are nonpathogenic bacteria that are widely used in the food industry for dairy fermentation
(Casalta and Montel, 2008). L. lactis does not express virulence factors of its own and
manipulated strains are regularly used as a delivery system for proteins, DNA and
vaccine antigens (Bahey-El-Din et al., 2010). L. lactis can be used to assess a potential
influence of virulence factors on killing of Gram-positive bacteria as they can be
investigated in isolation from other virulence factors.
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The previous chapter has shown that SSL7 is a potent inhibitor of complement
activation, blocking generation of C5a and C5b-9 formation. This chapter outlines the
effect of SSL7 on two of the major effector functions of complement. Firstly, SSL7 was
tested for its ability to interfere with the pro-inflammatory priming of neutrophils,
phagocytosis and migration by C5a. Secondly, the effect of SSL7 on Gram-negative
bacterial lysis through the formation of C5b-9 and on Gram-positive bacterial survival in
a whole blood killing assay was investigated. A modified strain of L. lactis expressing
SSL7 enabled investigations into the effect of SSL7 in isolation from other S. aureus
virulence factors.
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6.2

RESULTS

6.2.1 Influence of SSL7 on the Activation of Neutrophils
The mechanisms underlying neutrophil activation and mobilization of cytoplasmic
granules are not fully understood, but involve calcium-mediated signal transduction
marked by enhanced intracellular calcium flux (Kobayashi et al., 2005). Intracellular
Ca2+ indicators such as Fluo-3 are able to detect the release of Ca2+ from intracellular
stores and are routinely used as an indicator for neutrophil activation (Merritt et al.,
1990). Fluorochromes like Fluo-3 are essentially non-fluorescent but undergo
conformational changes upon binding to calcium cations, resulting in at least a 100-fold
enhancement of green fluorescences. The generated fluorescences of Ca2+ bound Fluo-3
can be detected using flow cytometry with conventional optical filter systems set up for
other fluorochromes such as FITC (Invitrogen, 2012).
A minimal level of activation (7.91 %) of Fluo-3 treated neutrophils was observed after
the addition of 10 % non-activated serum (Figure 6.1). Exposure of neutrophils to serum
activated with heat-killed S. aureus stimulated a strong increase in the proportion of
activated cells (25.6 %). The presence of 0.5 µM SSL7 wt in 10% serum during
activation depressed the activation of neutrophils completely (4.93 %). SSL7 IgAdecreased neutrophil activation (9.85 %) to a lesser extent than SSL7 wt but to similar
levels as non-activated serum. Neutrophil activation was not inhibited in serum with
SSL7 C5- or SSL7 IgA-C5- and a proportion of activated neutrophils of 21.2 % and 20.9
% respectively were observed (Figure 6.1).
6.2.2 Influence of SSL7 on Phagocytosis of S. aureus by Neutrophils
Complement activation, cleavage of its components and opsonisation of bacteria can
augment phagocytosis. Since SSL7 is a potent inhibitor of complement activation the
effect on neutrophil phagocytosis of heat-killed S. aureus Newman was observed by live
microscopy. Bacteria were heat-killed, immobilised on a glass surface before neutrophils
were added and allowed to settle prior to the addition of 5 % serum. Without the
addition of serum, neutrophils were viable, but displayed little movement.
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Figure 6.1: Inhibition of neutrophil activation in the presence of SSL7
Serum activated with heat-killed S. aureus in the presence of 0.5 µM SSL7 wt or mutant
proteins was added to neutrophils. Intracellular calcium release was detected by
fluorescence change of Fluo-3 in neutrophils combined with S. aureus activated serum
(top right). Baseline activation levels were compared to neutrophil activation by nonactivated serum (top left) and to activation by S. aureus pretreated serum (top right).
Additionally, neutrophil activation by serum activated in the presence of SSL7 wt and
mutant proteins (four bottom plots) was analysed. Results are representative of two
independent experiments with individual healthy donors.
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Phagocytosis was only occasionally observed and neutrophils frequently remained
inactive in close proximity to bacteria (Figure 6.2 A). Neutrophils in the presence of 5 %
serum were perceived to be active, displaying greater mobility and bacteria were readily
engulfed (Figure 6.2 B). Serum containing 0.5 µM SSL7 wt added to neutrophils did not
alter phagocytosis (Figure 6.2 C). Neutrophils were observed to display the same rate of
movement and phagocytosis as observed in the serum control. Pre-incubation of
neutrophils with 0.5 µM SSL7 prior to the addition of serum did not alter the rate of
phagocytosis either. Neutrophils were observed to be active and phagocytosis occurred
promptly (Figure 6.2 D).
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5% serum with 0.5µM SSL7

D

Neutrophils with 0.5µM SSL7

Figure 6.2: Live microscopy of human neutrophil phagocytosis
Neutrophils were added to immobilised S. aureus Newman and phagocytosis captured
under 100 x magnification by live microscopy. Each panel shows representative time
lapse of neutrophil phagocytosis without serum stimulation (A) after stimulation with 5
% serum (B), 5 % serum pre-incubated with 0.5 µM SSL7 (C), and neutrophils preincubated with 0.5µM SSL7 wt prior to stimulation with untreated serum (D). Images
shown represent two independent experiments.

117

The technical set up during the microscopic analysis of neutrophil phagocytosis of S.
aureus forced the focus on a small field of view, possibly resulting in biased
observations. Phagocytosis by neutrophils was therefore also analysed with
pHrodoTMRed S. aureus Bioparticles. The pHrodoTMRed Bioparticles are conjugated to a
dye, which is non-fluorescent outside the cell, but increases in fluorescence in the acidic
pH inside of phagosomes. pHrodoTMRed Bioparticles were readily phagocytosed
resulting in fluorescence (~ 410 RFU) after 2 h and phagocytosis was further increased
when particles were opsonised with 50 % serum prior to the addition to neutrophils
(~1400 RFU) (Figure 6.3). The presence of SSL7 in serum greatly minimised the
enhancing effect of opsonisation, keeping levels of phagocytosis close to the non-

Phagocytosis (RFU)

opsonised control (~500 RFU) (Figure 6.3).
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Figure 6.3: Reduction of Neutrophil Phagocytosis by SSL7
Analysis of phagocytosis of non-opsonised (non-ops), 50 % serum opsonised (ops) and
in the presence of 1 µM SSL7 opsonised pHrodoTMRed S. aureus Bioparticles by
neutrophils. Phagocytosis was measured by fluorescence emission of the particle in the
acid environment of the phagosome. Each diamond represents the mean of triplicate
readings and the graph combines three independent experiments with separate healthy
donors. Statistically significant differences to phagocytosis of serum opsonised control
were analysed by one-way ANOVA with Tukey’s multiple comparison test applied,
*P<0.05.
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6.2.3 Effect of SSL7 on the Migration of Neutrophils In Vitro
SSL7 has previously been shown to inhibit the generation of C5a in serum and to block
the activation of neutrophils by activated serum (see section 5.2.3 and 6.2.1). In order to
investigate whether SSL7 is also able to influence subsequent complement effects of
complement activation, an under-agarose migration assay was developed. Neutrophils
did not move towards 75% non-activated human serum (Figure 6.4 A). In contrast,
neutrophils travelled towards heat-killed S. aureus activated serum during a two-hour
incubation period (Figure 6.4 A). Increasing amounts of SSL7 added to the serum during
activation was able to inhibit migration of neutrophils in a dose dependent manner
(Figure 6.4 B).
Inhibition of migration was dependent on the ability of SSL7 to bind to C5 and thus
prevent the release of C5a. Addition of 1µM SSL7 or SSL7 IgA- blocked the migration
of neutrophils into the agarose (Figure 6.4 C). In comparison equivalent doses of SSL7
C5- and SSL7 IgA-C5- showed no effect on the entrance of neutrophils into the agarose
(Figure 6.4 C).
Migration was enumerated by measuring the farthest distance travelled by neutrophils.
Neutrophils travelled approximately 500 ± 135 µm into the agarose in the direction of
heat-killed S. aureus activated human serum during a two-hour incubation period
(Figure 6.5 A). Neutrophil migration decreases in a dose dependent manner in response
to the addition of SSL7 to human serum during activation (Figure 6.5 A). Addition of
0.1 µM or more SSL7 to the serum prior to activation with heat-killed S. aureus
significantly reduced the progression of neutrophils with average distances travelled
minimised to 50 ± 20 µm or less.
SSL7 IgA- greatly reduced the extent of migration (migration distance average 42±21
µm) whereas SSL7 significantly inhibited migration of neutrophils (migration distance
average 25 ± 15 µm) (Figure 6.5 B). No effect on neutrophil migration was observed by
the addition of SSL7 C5- (migration distance average 447 ± 79 µm) and SSL7 IgA-C5(migration distance average 425 ± 60 µm) to human serum (Figure 6.5 B).
Similar effects on neutrophil migration were observed in mouse serum. Neutrophils
migrated 380 ± 50 µm into agarose towards S. aureus activated serum (Figure 6.5 C).
Migration was blocked through the addition of 1 µM SSL7 (migration distance average
48 ± 10 µm), while the addition of equal amounts of SSL7 C5- (migration distance
average 370 ± 113 µm) or SSL7 IgA-C5- (migration distance average 410 ± 201 µm) to
serum prior to stimulation did not change migration of neutrophils (Figure 6.5 C).
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Figure 6.4: Inhibition of in vitro human neutrophil migration by SSL7
Neutrophil migration towards heat-killed S. aureus activated 75 % serum was
investigated in an under-agarose migration assay. Calcein-AM labelled neutrophils were
visualized under 100x magnification. A) Images showing lack of neutrophil movement
in the direction of non-activated serum (serum) and migration towards activated serum
(act. serum). B) Images illustrating the influence of graded doses of SSL7 present in the
serum during activation on the distance travelled by neutrophils. C) Images representing
the effect of 1 µM SSL7 and mutants on neutrophil migration.
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Figure 6.5: Enumeration of inhibition of in vitro neutrophil migration by SSL7
Shown are the effect of a A) SSL7 titration in human serum and 1 µM SSL7 wt and
mutants in B) human and C) mouse serum. Analysis of neutrophil migration towards
heat-killed S. aureus activated serum was quantified by measuring the distance travelled
in µm. Migration is shown in comparison to the movement towards activated serum
(marked 0 µM SSL7 in graph A and act in graph B and C). Each point represents a
duplicate average from an independent experiment with a separate serum donor. Data
was analysed by Kruskal-Wallis and Dunn’s multiple comparison test and asterisks mark
significant differences when compared to the activated serum control group, *P<0.05,
**P<0.01.
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6.2.4 Effect of SSL7 on Serum Killing of Gram-Negative Bacteria
Gram-negative microorganisms are sensitive to lysis by the membrane attack complex of
complement. Activation of complement results in C5b-9 pore complexes penetrating the
phospholipid bilayer of the bacterial cell, thereby disrupting its integrity leading to cell
death (Podack et al., 2007).
The ability of SSL7 to inhibit cell-free serum killing of E. coli was examined. Addition
of 5 % human serum to E. coli resulted in complete killing. Addition of 0.125 to 2 µM
SSL7 to serum inhibited E. coli killing in a dose dependent manner (Figure 6.6).
Inhibition of bacterial killing was lost for SSL7 mutants defective in C5 binding. SSL7
C5- and SSL7 IgA-C5- demonstrated a complete loss of function in this assay, resulting
in efficient bacterial killing by the serum (Figure 6.7). SSL7 greatly enhanced E. coli
survival. Similarly, SSL7 IgA- enhanced survival, however was minimally less potent

E.coli Survival (CFU)

when compared to an equivalent dose of SSL7 wt (Figure 6.7).
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Figure 6.6: SSL7 enhances E. coli survival in human serum
Survival rate of 106 CFU E. coli after 90 min in 5 % human serum with graded doses of
SSL7 in comparison to E. coli incubated with no serum (no ser.). Bacterial survival was
enumerated by colony counts from triplicate plating and is shown, as mean ± SD.
Statistical differences to survival in serum alone were analysed by one-way ANOVA
with Tukey’s multiple comparison test applied, *P<0.005. Results are representative for
two independent experiments with different healthy serum donors.

122

E.coli Survival (CFU)

108

*

*

*

106
104
102
100
no ser. serum SSL7

C5-

IgA- IgA-C5-

Figure 6.7: Inhibition of E. coli serum killing by SSL7 wt and mutants
Influence of 1 µM SSL7, SSL7 C5- (C5-), SSL7 IgA- (IgA-) or SSL7 IgA-C5- (IgA-C5-)
on the survival of 106 CFU E. coli in 5 % human serum after 90 min incubation.
Bacterial survival was enumerated by colony counts from triplicate plating and is shown
as mean ± SD. Results were analysed by one-way ANOVA and Tukey’s multiple
comparison test and asterisks denote significant differences in survival relative to serum
control (*P<0.01) and are representative for four independent experiments with different
healthy serum donors.

6.2.5 Influence of SSL7 on Whole Blood Killing of Gram-Positive Bacteria
As outlined above, SSL7 potently inhibited complement-mediated serum bactericidal
activity against E. coli. Elaborating from these results in which killing of Gram-negative
bacteria was investigated, the effect of SSL7 on the survival of the Gram-positive
bacterium L. lactis was examined.
6.2.5.1

Influence of Externally added SSL7 protein

Addition of whole blood to L. lactis in a ratio of 2.6 white blood cells to one bacterial
cell reduced bacterial survival after 3 hours of incubation by almost two log (Figure 6.8).
In the presence of SSL7, survival of L. lactis in whole blood was significantly increased
relative to a no protein control. Significant inhibition of killing was dose dependant,
requiring 0.25 µM or more SSL7. Minimal residual killing was regularly observed with
the addition of high doses of SSL7 (0.25 µM or more) and matched killing observed
when L. lactis was incubated for the equal timeframe in assay buffer alone (data not
shown).
SSL7 IgA- increased survival of L. lactis but failed to reach the full effect of an
equivalent dose of SSL7 wt (Figure 6.9). Both SSL7 C5- and SSL7 IgA-C5- lacked the
ability to inhibit bactericidal whole blood activity, resulting in L. lactis survival rates
comparable to the whole blood control level (Figure 6.9).
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Figure 6.8: SSL7 enhances the survival of L. lactis in whole blood
Survival of 106 CFU /ml L. lactis after 3 hrs was enumerated by triplicate colony count
and are plotted as mean ± SD. L. lactis was combined with whole blood in a ratio of 1
bacterium to 2.6 WBC. Colony counts at 0hr are presented as a combined average on the
graph as dashed line. Statistically significant differences to survival in serum alone were
determined by one-way ANOVA with Tukey’s multiple comparison test applied,
*P<0.005. Graph is representative for two independent experiments with separate blood
donors.
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Figure 6.9: Effect of SSL7 wt and mutants on L. lactis survival in blood
Influence of 1µM SSL7, SSL7 C5- (C5-), SSL7 IgA- (IgA-) or SSL7 IgA-C5- (IgA-C5-)
on the survival of 106 CFU/ml L. lactis after 3 hours incubation. L. lactis was combined
with whole blood in a ratio of 1 to 2.6 WBC. Dashed line represents a combined average
of colony counts at 0 hr. Enumeration of survival was done by triplicate colony count
and is plotted as mean ± SD. Statistically significant differences to survival in serum
alone were determined by one-way ANOVA with Tukey’s multiple comparison test
applied, *P<0.01, **P<0.005. Graph is representative for two independent experiments
with separate blood donors.
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6.2.5.2

Influence of SSL7 Expressed by L. lactis

To investigate how the expression of SSL7 aids in bacterial survival and complement
evasion, an L. lactis strain expressing SSL7 through a vector system was developed (see
section 3.2.2.3).
Incubation of L. lactis carrying a vector control (L. lactis pOri23T) with whole blood in
a ratio of 1 bacterium to 2.6 white blood cells resulted in complete killing of bacteria
(Figure 6.10). The expression of SSL7 by L. lactis pOri23T:ssl7+ enabled bacterial
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Figure 6.10: Expression of SSL7 by L. lactis enhances survival in whole blood
Survival of L. lactis expressing SSL7 (pOri23T:ssl7+) compared to an empty vector
control (pOri23T) after 4 hrs. L. lactis was combined with whole blood in a ratio of 1:2.6
WBC. Survival was enumerated by triplicate colony count and plotted as mean ± SD.
Data was analysed by one-way ANOVA and Tukey’s multiple comparison test and
asterisk indicates significantly increased survival relative to the empty vector control
(*P<0.001). Graph is representative for two independent experiments with separate
blood donors.
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6.3

DISCUSSION

In the innate immune response against S. aureus, neutrophils play a critical role and are
the primary cellular defence against this pathogen. The innate immune response of
neutrophils against S. aureus is a multistep process. Active recruitment of neutrophils to
the site of infection through chemotaxis is followed by neutrophil priming and
activation, resulting in efficient phagocytosis of the bacteria (Deleo et al., 2009). Among
other multiple host molecules, the potent chemoattractant and proinflammatory signal
molecule C5a plays a key role during this initial cellular host defence.
Human and murine neutrophil chemotaxis was inhibited by SSL7 in an in vitro under
agarose migration assay. This host defence evasion strategy, the inhibition of chemotaxis
of neutrophils towards the site of infection, has previously been described for S. aureus.
The chemotaxis inhibitory protein of S. aureus (CHIPS) interferes with C5a recognition
by the C5aR and formylated peptide receptor, blocking chemotaxis and activation of
neutrophils (Postma et al., 2004). Similarly, SSL7 inhibited chemotaxis presumably by
blocking the generation of C5a during activation of serum with heat-killed S. aureus.
Neutrophil localisation to the site of infection is crucial for bacterial clearance (Miller
and Cho, 2011). Delayed or avoided accumulation of neutrophils at the site of infection
by SSL7 could provide S. aureus with an advantage that enables the microorganism to
colonise the host and establish an infection.
SSL7 potently inhibited activation as analysed by flow cytometry in a calcium flux assay
of serum-stimulated neutrophils. During the initial immune response neutrophil
activation plays an important role and results in, amongst other things, cytokine
production, primes the release of granules, enhances the affinity of surface receptors to
their binding partners and subsequently neutrophil migration (Soler-Rodriguez et al.,
2000; Sadik et al., 2011). Interference with neutrophil activation is an efficient way to
hinder host defence early during the mounting immune response.
While SSL7 was able to block neutrophil activation, neutrophil phagocytosis was not
completely abolished. Opsonisation of microbial surfaces with antibodies and C3b
triggers phagocytosis and is critical for bacterial removal during infection (Deleo et al.,
2009). The inability of SSL7 to completely abolish phagocytosis is consistent with SSL7
blocking the activation of late stage complement, downstream of the main opsonins.
However, SSL7 was able to reduce phagocytosis when compared to the serum opsonised
control, possibly indicating a previously unknown role for C5b or C5b-9. The well126

described roles of C3b and C4b in phagocytosis may be complemented by recognition of
surface bound C5b or C5b-9.
Cell viability was not accessed prior to assaying their ability to phagocytose, however it
seems unlikely that observed reduced phagocytosis in samples treated with SSL7 is due
to a cytotoxic effect of the protein. No increased cell death was observed in any of the
assays included in this thesis. Moreover, incubation with high doses of SSL7 (> 4 µM)
has shown no changes in cell morphology, surface marker expression, cell function and
viability in other immune cells such as human dendritic cells and macrophages (AlShangiti et al., 2004; Al-Shangiti et al., 2005).
The formation of C5b-9 on the surface of Gram-negative bacteria compromises the
integrity of the cell wall leading to the lysis of the microorganism. SSL7 inhibited the
formation of C5b-9 and greatly increased the survival rate of E. coli in serum. Results
presented in the previous chapter showed that C5b-9 is also readily formed on the
surface of Gram-positive S. aureus and L. lactis. Evidence that C5b-9 is formed on the
cell wall of other Gram-positive bacteria such as S. pneumoniae without complementmediated killing has been previously presented (Joiner et al., 1983). The peptidoglycanrich capsule structure of S. aureus provides resistance to lysis by MAC (Lambris et al.,
2008). L. lactis was impervious to C5b-9 lysis, yet remained sensitive to cell-mediated
killing in a whole blood assay, while L. lactis survived in the presence of SSL7 in the
same assay. Moreover an L. lactis strain expressing its own SSL7 displayed greatly
increased survival in whole blood, again suggesting a potential role for C5b or C5b-9 in
phagocytic killing of Gram-positive bacteria.
In accordance with results presented in previous chapters, the ability of SSL7 to bind C5
is also crucial for the interference with effector functions of complement. The two
mutants, SSL7 C5- and SSL7 IgA-C5-, displayed a loss of function in all assays included
in this chapter. Binding of IgA by the wt protein was confirmed to enhance the
inhibitory effect, with SSL7 wt displaying superior functionality when compared to
equivalent doses of SSL7 IgA-.
Results included in this chapter suggest that SSL7 not only blocks activation of
complement but also potently interferes with downstream effector function of C5a and
C5b-9, such as activation of neutrophils, chemotaxis and phagocytosis. Furthermore,
inhibition of complement by SSL7 directly interferes with serum bactericidal activity
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and obstructs bacterial killing by innate immune cells in a whole blood assay. Inhibition
of these key innate immune responses could aid S. aureus during the establishment of an
infection, enabling the pathogen to invade the host. SSL7 is not the only virulence factor
expressed by S. aureus used to circumvent complement activation, evade neutrophil
recruitment and phagocytosis, highlighting the crucial role of those innate immune
defences against this pathogen. Many S. aureus virulence factors seem to display a
functional redundancy as they target the same immune defence mechanism. S. aureus
secretes other molecules, which like SSL7, target the complement system on the level of
the C3 and C5 cleavage. SCIN and Efb both block access to the complement convertases
by binding to the C3b contained within, and thereby obstruct convertase activity and
complement-mediated downstream immune responses (Lee et al., 2004; Rooijakkers et
al., 2005; Rooijakkers et al., 2006; Jongerius et al., 2007). The combined, synergistic
actions of many virulence factors secreted by S. aureus might be necessary to overcome
the potent innate immune response of the human host and could play an important role
in the switch from S. aureus as a colonizing commensal bacteria to a virulent pathogen.
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Chapter 7 Analysis of SSL7 In Vivo in a Murine Peritoneal
Inflammation Model
7.1

INTRODUCTION

The previous chapters have shown SSL7 to be a powerful inhibitor of in vitro
complement activation and therefore C5a and C5b-9 generation. Subsequent
complement-mediated downstream affects such as neutrophil activation, chemotaxis
and bacterial killing were equally blocked in vitro. When this project commenced a
complement inhibitory effect of SSL7 in vivo could be assumed but no data had been
published.
The potency of other S. aureus virulence factors acting on the complement system
had been tested. Previously the ability of CHIPS to inhibit neutrophil migration in
vivo had been tested in a murine neutrophil influx model (De Haas et al., 2004). The
model described in this publication administered purified C5a as an inflammatory
stimulus into the peritoneal cavity of mice following intravenous treatment with
CHIPS. Emigrating neutrophils were quantified three hours post stimulation by flow
cytometry analysis of lavage samples.
A similar in vivo murine inflammation model has recently been used to show that
SSL7 wt is able to block C5a mediated neutrophil influx into the peritoneal cavity
(Bestebroer et al., 2010). The model used in this publication employed a wellestablished inflammation stimulus in which the administration of immune complexes
propagates a classical complement and C5a mediated response (Godau et al., 2004).
In this setting SSL7 wt has been shown to be anti-inflammatory, blocking neutrophil
influx into the peritoneum (Bestebroer et al., 2010).
Here the murine model of peritoneal inflammation presented by de Haas et al. was
adapted for the analysis of in vivo function of SSL7 wt and mutants. The timing
previously outlined for this method was kept the same, however the inflammatory
stimulus was altered. Heat-killed S. aureus was used as a stimulus of inflammation in
order to more closely mimic the type of immunological response elicited by exposure
to this bacterium during early infection. The first part of this chapter describes the
establishment of this novel murine model, in particular the dose of stimulation used
and the method of analysis of inflammatory cells.
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This chapter additionally explores the effects of SSL7 wt and mutant proteins in the
murine model of peritoneal inflammation. Bestebroer et al investigated the effect of
SSL7 wt in their murine model of peritoneal inflammation (Bestebroer et al., 2010).
However, SSL7 has been shown to not bind to murine IgA (Langley et al., 2005;
Wines et al., 2011), and therefore both SSL7 wt and SSL7 IgA- are hypothesised to be
comparable in their in vivo function. Purified human IgA was introduced to allow
pentamer complex formation and the examination of the role of simultaneous C5 and
IgA binding for complement inhibition in vivo.

130

7.2

RESULTS

7.2.1 Establishment of a Murine Model of Peritoneal Inflammation
A novel murine model of peritoneal inflammation was developed to investigate the
effect of SSL7 in vivo. S. aureus was used as a stimulus for complement activation
and inflammatory cell migration to the peritoneum.
7.2.1.1 Establishment of Sufficient S. aureus Dose for the Stimulation of
Inflammation
The dose of S. aureus used to stimulate an inflammatory response in the peritoneal
cavity has to be sufficient to stimulate a significantly greater response when compared
to baseline. However, in order to observe an in vivo effect, the activation of the
response and the response itself cannot overwhelm possible changes caused by SSL7
administration. To optimise the amount of heat-killed S. aureus Newman required to
stimulate sufficient inflammation three doses were tested. In order to keep the
experimental set up consistent, mice used in this experiment received an intravenous
injection of saline prior to stimulation of inflammation.
No change in inflammatory cell number was observed after the administration of 103
CFU S. aureus (Figure 7.1). The number of inflammatory cells migrating into the
peritoneal cavity was increased after the administration of 105 CFU, however a dose
of 107 CFU heat-killed S. aureus was needed for a significant inflammatory response
when compared to numbers of non-stimulated mice. Further experiments used 107
CFU of heat-killed S. aureus as a stimulus to induce inflammation and promote cell
migration into the peritoneal cavity.
7.2.1.2

Analysis of Inflammatory Cell Populations

With the administration of 107 CFU heat-killed S. aureus into the peritoneal cavity the
distribution of cell populations found in lavage samples changed (Figure 7.2).
Distribution of cell populations was assessed by flow cytometry analysis based on
forward and side scatter profile (Figure 7.2 A). In baseline samples, macrophages
presented the most abundant cell type (45.4 %), followed by lymphocytes combined
in one gate with monocytes (19.6 %), while granulocytes represented the least
frequent

cell

type

(approximately

10

%)

(Figure

7.2

A).

In

contrast,

polymorphonuclear granulocytes were the most prevalent cell type (60.9 %) in
samples from S. aureus stimulated mice. The greatest proportional decrease was
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observed for the macrophage population (10.1 %), with lymphocyte / monocyte
numbers remaining similar to baseline counts (13 %) (Figure 7.2 A).
A similar amplification of inflammatory cells was observed in manual cell counts of
cell populations on Jenner and Giemsa stained cytospin slides (Figure 7.2 B).
Baseline samples were determined to contain mainly macrophages (61 %) and
monocytes / lymphocytes (30.7 %). Polymorphonuclear granulocytes made up a small
portion (8.3 %) of the cells found in the cell slides. In comparison, the S. aureus
stimulated cytospin slides were found to contain granulocytes as the main cell
population (62 %). The proportion of the monocyte / lymphocyte population dropped
only minimally (21.8 %) while macrophage numbers were greatly reduced (16.2 %)
upon stimulation.
Based on the strong correlation between polymorphonuclear granulocyte proportions
determined by flow cytometry and manual cell count, in forthcoming experiments the
degree of inflammation in the peritoneal cavity was quantified by combining total
white blood cell counts with the proportion of granulocytes estimated by flow
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Figure 7.1: Influx of inflammatory cells in response to S. aureus
Mice were treated with saline intravenously and an inflammatory response stimulated
with increasing amounts of S. aureus injected into the peritoneum. Mice not
stimulated with S. aureus (0 CFU S. aureus) were considered as baseline for
comparison. Results were statistically analysed by Kruskal-Wallis and Dunn’s
multiple comparison test and the asterisk denotes a significant difference relative to
baseline, *P<0.05.
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Figure 7.2: Inflammatory cells in a murine model of peritoneal inflammation
Comparison of baseline and S. aureus stimulated samples in murine model of
peritoneal inflammation. A) Illustration of gates used for the analysis of cell
populations in lavage samples by flow cytometry a) polymorphonuclear granulocytes;
b) monocytes and lymphocytes; and c) macrophages. Numbers next to gates specify
the proportion of cells within. B) Representative images from cytopsin slides used to
manually enumerate cell populations. Tables summarise cell distribution from five
fields of view counted.

7.2.2 Influence of SSL7 on the Migration of Inflammatory Cells In Vivo
Once the murine model of peritoneal inflammation was established it was used to
investigate the effect of SSL7 on the migration of inflammatory cells towards the site
of simulated infection. Following injection of heat-killed S. aureus into the peritoneal
cavity of mice, a significantly increased influx of granulocytes was observed
compared to a saline treated control (Figure 7.3). This migration of inflammatory
cells into the peritoneal cavity was reduced by intravenous administration of SSL7 15
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min prior to the S. aureus challenge. The inhibitory effect was dose dependent and a
significant reduction in granulocyte numbers was observed for doses of ≥1 µg
SSL7/mouse (Figure 7.3). Lower doses, such as 0.5 µg SSL7/mouse, had a modest
effect, but proved to not be statistically significant compared to mice treated with
saline.
7.2.3 Role of C5 during Inhibition of In Vivo Cell Migration by SSL7
Once the effect of SSL7 in vivo was established, the role of complement binding by
SSL7 was investigated. The administration of equivalent doses of SSL7 wt and SSL7
mutant protein (25 µg/mouse) demonstrated a significant reduction in inflammatory
cells in mice treated with SSL7 wt and SSL7 IgA-. Both SSL7 C5- and SSL7 IgA-C5did not affect the numbers of inflammatory cells observed in the peritoneum when
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compared to the S. aureus stimulated control group (Figure 7.4).

106

***

*

** ** ***

1

10 25 50

105
104
103
BL

0

0.5

SSL7 (µg)

Figure 7.3: Migration of murine inflammatory cells in vivo is reduced by SSL7
BALB/c mice were given graded doses of SSL7 or saline as a control and an
inflammatory response was stimulated 15min later with an i.p. injection of heat-killed
S. aureus. Baseline (BL) inflammatory cell counts originate from mice treated with
endotoxin-free saline for all experimental manipulations. Results combine eight
independent experiments with n=4 mice per group for each experiment and are shown
as box and whiskers representing median with minimum to maximum range. Results
were statistically analysed by Kruskal-Wallis and Dunn’s multiple comparison test.
Asterisks denote significant differences to the 0 µg SSL7 group with * P<0.05, **
P<0.01, and *** P <0.005.
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Figure 7.4: Influence of SSL7 wt and mutants on inflammatory cell migration
Inflammatory cells observed in response to heat-killed S. aureus in saline, SSL7 wt or
SSL7 mutant protein treated mice in comparison to baseline (BL) inflammatory cell
counts. Results show combined data from two independent experiments (n=8 mice)
and are shown as a box and whisker graph indicating median with minimum to
maximum range. Results were statistically analysed by Kruskal-Wallis and Dunn’s
multiple comparison test. Statistically significant differences when compared to the
saline group are marked by asterisks with ** P<0.01 and *** P <0.005.

7.2.4 Role of IgA during Inhibition of In Vivo Cell Migration by SSL7
In order to examine the role of IgA binding during inhibition of complement
activation, purified human IgA was added at the same time as SSL7, prior to the S.
aureus challenge of the mice. Administration of human IgA combined with a suboptimal dose of SSL7 wt in a 1:1 molar ratio (3.65 µg and 0.5 µg, respectively)
enhanced the effect of SSL7 wt and significantly reduced the number of inflammatory
cells migrating into the peritoneal cavity when compared to the S. aureus stimulated
control (Figure 7.5). Equivalent doses of SSL7 (0.5 µg) or human IgA (3.65 µg) alone
were not able to significantly reduce influx of granulocytes into the peritoneal cavity.
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Figure 7.5: Role of IgA binding for the inhibition of Complement activation
Migration of inflammatory cells into the peritoneal cavity in mice treated with 0.5 µg
SSL7, 3.65 µg human IgA and a combination of 0.5 µg SSL7 and 3.65 µg human IgA
in comparison to saline treated mice and baseline (BL) inflammatory cell counts.
Results shown are combined data from two independent experiments (n=8 mice) and
are shown as a box and whisker plot representing the median with minimum to
maximum range. Results were statistically analysed by Kruskal-Wallis and Dunn’s
multiple comparison test. Asterisk denotes a significant difference compared to the
saline treated group, ** P<0.01 and *** P <0.005.

7.2.5 Analysis of C5a Levels in Lavage Samples
C5a is a potent pro-inflammatory peptide and influences a broad spectrum of
inflammatory processes, including chemotaxis, phagocytosis, vasodilation and
modulation of cytokine expression in a wide variety of cells (Guo and Ward, 2005).
C5a is therefore often used as an indicator for ongoing inflammation. In the murine
model of peritoneal inflammation no correlation was found between the amount of
inflammatory cells migrating to the peritoneal cavity and C5a levels in the lavage
samples when analysed by sandwich ELISA. C5a levels in lavage samples from mice
treated with 50 µg SSL7 prior to stimulation were compared to lavage samples from
baseline and S. aureus stimulated mice. All three groups were found to contain
comparable levels of 12 – 15 ng/ml C5a (Figure 7.6).
Similarly, serum samples of S. aureus stimulated mice, mice treated with SSL7 prior
to stimulation and unstimulated mice were tested for C5a content, but no difference in
C5a levels could be found (data not shown).
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Figure 7.6: Comparison of C5a levels in lavage fluids
C5a levels in lavage samples were determined by sandwich ELISA. Graph shows a
representative comparison of baseline (BL) C5a, to S. aureus stimulated control and
SSL7 pre-treated groups. Each point represents the mean value of quadruplicate
measurements of an individual murine lavage sample. Data was corrected against
background readings and C5a quantified based on a standard curve of commercial
murine C5a.

7.2.6 Abnormalities in the Murine Model of Peritoneal Inflammation
Initial plans included several more in vivo experiments exploring the effect of SSL7,
including investigations into alternative routes of administration (intraperitoneal
injection of SSL7), possible neutralising effects of anti-SSL7 antibodies in preimmunised mice and studies on the longevity of the inhibitory effect by SSL7.
However, unexpected abnormalities with the murine mouse model emerged.
7.2.6.1

Insufficient Separation between Baseline and Control Samples

A significant difference in cell counts between baseline and S. aureus treated control
groups of at least one log was regularly observed in initial experiments. However in
following experiments baseline inflammatory cell counts were repeatedly found to be
amplified, narrowing the difference between baseline and control samples (Figure
7.7). No significant difference between the two controls resulted in unusable data sets
in regard to the effectiveness of SSL7. Insufficient separation between baseline and
control samples was observed in both BALB/c and C57BL/6 mouse strains.
Analysis of total cell counts in baseline samples revealed more than double the
number of cells in later experiments when compared to earlier experiments (4.4 x 105
and 1.8 x 105, respectively) (Table 7.1). In contrast, the cell numbers in S. aureus
control groups remained unchanged (approximately 11.8 x 105) (Table 7.1). Similarly,
analysis of the cell population distribution revealed that the percentage of neutrophils
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was increased in later experiments (16.7 %) compared to the earlier experiments (9
%) (Table 7.1). Taken together these observations suggest that a considerable number
of neutrophils were already located in the peritoneal cavity of mice used in the later
experiments of the peritoneal inflammation model and could be evidence of a
previously activated immune response or pre-existing bacterial infection.
The irregularities in the murine mouse model of peritoneal inflammation coincided
with a pinworm infestation in the mouse stocks of the animal facility. Pinworm
infections are common in mouse colonies in animal facilities and are generally
considered irrelevant (Baker, 1998). However, a small number of publications have
investigated the effect of pinworm infections on the immune response. An ongoing
pinworm infection can pre-activate the host immune system and significantly enhance
antibody responses to non-parasitic antigens (Sato et al., 1995). Furthermore,
experimentally ovalbumin-induced allergic reactions are altered by the presence of a
pinworm infection, highlighting the importance of pinworm-free conditions during
the use of murine models for immunological research (Michels et al., 2006).
The Vernon Jansen Animal Unit was professionally cleaned and restocked with
C57BL/6 (Jackson Laboratories) and BALB/c (Charles River Laboratories) colonies.
Peritoneal inflammation model experiments thereafter displayed satisfactory
separation between baseline and S. aureus stimulated control groups (Appendix A-1).
When compared to the initial experiments, total cell counts observed in baseline
control samples were still slightly elevated (3.1 x 105) however the proportion of
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granulocytes had dropped (8.5 %) (Table 7.1).
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Figure 7.7: Changes in the separation of Baseline to S. aureus control groups
Inflammatory cell counts of Baseline and S. aureus control groups during initial
(initial) experiments (n=48) in comparison to cell counts occurring during
irregularities (Irregs) (n=16) and in restocked (restock) BALB/c mice (n=8). Graph
includes data from 18 separate experiments.
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Table 7.1:

Summary of cell count and cell population distribution over several
experiments
Average total cell counts and cell population distribution (SD) of baseline, S. aureus
and 50 µg SSL7 in the murine model of peritoneal inflammation.

Restocked
BALB/c

Irregularities

Initial
experiments

Treatment

1

Baseline

Cell population (%) 1
Total cell
count
Lymphocytes
Neutrophils
Macrophages
(x105)
/ Monocytes
1.8
10.1
34.6
10.8

(n=48)

(1.4)

(2.3)

(13.4)

(4.8)

S. aureus

12.2

42.5

23.9

8.9

(n=48)

(1)

(7.4)

(11.3)

(4.3)

Baseline

3.8

16.7

40.1

11.7

(n=16)

(4.4)

(4.3)

(15)

(7.3)

S. aureus

11.4

45.2

35.9

8.1

(n=16)

(5.5)

(11.8)

(11.3)

(3.8)

Baseline

3.1

8.5

53.5

11.4

(n=4)

(0.8)

(1.2)

(2.2)

(1.6)

S. aureus

11.3

42.7

3.4

4.8

(n=4)

(1.7)

(3.8)

(3.2)

(0.5)

as determined by flow cytometry analysis

7.2.6.2

Lack of Inhibitory Activity of SSL7 In Vivo

Experiments investigating the effect of SSL7 in vivo outlined above were performed
with a single batch of protein. Following the first round of experiments, protein stocks
were running low and additional batches were purified. The protein purification
protocol was kept consistent and all batches of protein were tested for activity in vitro.
Protein activity was confirmed for all batches by haemolytic assay (human serum
based) and C5a ELISA (murine serum based). Activity in vitro superimposed for all
SSL7 batches (data not shown), however these new batches of SSL7 ceased to be
effective in vivo. Alteration of the administration method by administering the protein
via intraperitoneal instead of intravenous injection was tested but failed to restore the
full effect of SSL7 in vivo (Appendix A-2).
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7.2.6.2.1 Alterations of Protein Purification and Endotoxin Cleaning
To ensure the lack of effect of SSL7 in vivo was not due to the purification process of
the recombinant protein, several alternative purification methods were tested. The
original batch of proteins was purified by nickel affinity chromatography using inhouse IDA sepharose. Commercial sepharose was trialled as an alternative, resulting
in comparable amounts of purified protein and identical protein activity in vitro (data
not shown).
Proteins used in the first set of experiments were endotoxin cleaned using the
commercially available Endotrap® Red system. However, at the same time as
irregularities in the murine peritoneal inflammation model occurred, batches of
protein cleaned up with this system persistently tested positive (>0.125 EU) for
endotoxin. Triton X-114 phase separation was used as an alternative method for the
removal of endotoxin from the recombinant protein. Protein endotoxin cleaned by
Triton X-114 was fully active in vitro when tested by haemolytic assay, but failed to
display any activity when tested in vivo (Appendix A-3).
The acute inflammatory response to endotoxin is shared between human and mouse,
however compared to human a 250-fold greater endotoxin challenge is needed in
mice to stimulate a comparable cytokine response (2 ng and 500 ng endotoxin per kg
bodyweight, respectively) (Copeland et al., 2005). In order to exclude a role of
endotoxin contaminations in the irregularities observed in this in vivo model, a batch
of SSL7 confirmed to contain >0.125 EU/ml was tested. As with the Triton X-114
endotoxin-cleaned recombinant protein, SSL7 containing endotoxin was fully active
in vitro (data not shown) but failed to affect the number of inflammatory cells
migrating into the peritoneal cavity (Appendix A-3).

7.2.6.2.2 Murine Model of Peritoneal Inflammation in C57BL/6
The murine model of peritoneal inflammation was also applied to C57BL/6 mice,
since initial testing suggested that the colony is free of bacterial infection. However,
similar to the course of experiments done in BALB/c mice, inconsistencies were
found in baseline inflammatory cell counts, with occasionally no significant
difference when compared to the S. aureus control group. Administration of 50
µg/mouse SSL7 via intraperitoneal injection did not show an effect on the
inflammatory cell counts when compared to the S. aureus only treated control group.
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High doses of 100 µg/mouse administrated intravenously also failed to show a
significant reduction in inflammatory cell counts (Appendix A-4). Subsequently the
C57BL/6 mice were shown to consistently carry S. aureus (personal correspondence
Dr. Siouxsie Wiles and Dr. Silva Holtfreter, University of Auckland)

7.2.6.2.3 Test of SSL7 IgA- Mutant Protein
Small amounts of in vivo functional SSL7 IgA- protein remained from the first round
of experiments and were tested in C57BL/6. At the time of the experiment the protein
had been stored at 4 °C for 16 months. Prior to re-use in the murine model the protein
was tested in an in vitro haemolytic assay and found to be fully functional.
Administration of 50 µg SSL7 IgA- per mouse still reduced the influx of
inflammatory cells into the peritoneal cavity when compared to the S. aureus treated
control group (Appendix A-5). In order to exclude that irregularities in the murine
mouse model were not caused by a problem with the SSL7 wt protein a fresh batch of
SSL7 IgA- was made following the same protocol as for the original batch. Protein
was cleaned of endotoxin with the commercially available Endotrap® Red system and
full activity was confirmed in vitro in a haemolytic assay. A dose of 50 µg/mouse was
tested in female C57BL/6 mice but showed no significant reduction in inflammatory
cell counts when compared to S. aureus treated control mice (Appendix A-5). The
original active and newly made non-active batches of SSL7 IgA- were compared by
liquid chromatography-mass spectrometry. Discrepancies from the published SSL7
sequence were found in both samples and matched the amino acid changes introduced
in order to remove IgA binding (data not shown).

7.2.6.2.4 Protein from an Alternative S. aureus Strain and Expression system
S. aureus JSNZ has been characterised as a mouse adapted strain. Recombinant SSL7
JSNZ in vitro activity has been shown to be comparable to SSL7 Newman when
tested in a haemolytic assay (Figure 3.4). SSL7 JSNZ was purified as described
before, endotoxin cleaned by Endotrap® Red and confirmed to contain <0.125 EU/ml
endotoxin.
Additionally, SSL7 wt was expressed in the gram-positive bacterium L. lactis to
resemble post-transcriptional protein modification as found in S. aureus. SSL7
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expressed in L. lactis (SSL7 lac) was isolated from culture supernatant and further
purified by ion exchange chromatography before being endotoxin cleaned and
confirmed to be active in vitro by haemolytic assay.
Both proteins were administered at a dose of 100 µg/mouse but resulted in no
significant decrease of inflammatory cells migrating into the peritoneal cavity when
compared to the saline treated control group (Appendix A-6).

7.2.6.2.5 Anti-SSL7 Immunoglobulin Titres
Pre-existing neutralising α-SSL7 antibodies from a previous or current infection with
S. aureus could be a possible explanation for the failure of SSL7 in vivo. Mice used in
the peritoneal inflammation model were not tested prior to the experiments, but
individual mice from the colonies were screened for S. aureus. While BALB/c mice
from the original colony used during initial experiments were found to be S. aureus
free, restocked BALB/c and C57BL/6 were both found to be colonised with S. aureus
(personal correspondence Dr. Siouxsie Wiles and Dr. Silva Holtfreter, University of
Auckland).
Serum samples of littermates of mice used in the murine peritonitis model were
analysed for α-SSL7 IgG by ELISA. High levels of α-SSL7 IgG were detected in
control serum samples gained from mice immunised once with 20 µg SSL7, whereas
tested littermates were negative for α-SSL7 IgG (Figure 7.8). To exclude a recent
primary infection with S. aureus without enough time for seroconversion, serum
samples were also tested for the presence of α-SSL7 IgM and were found to be
negative (data not shown).
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Figure 7.8: Serum titres of α-SSL7 Immunoglobulin G
Representative comparison of α-SSL7 titres in serum samples (1:1000) of un-treated
BALB/c mice and mice immunized with 20 µg recombinant SSL7 as determined by
ELISA. Each point represents an individual serum sample analysed.
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7.3

DISCUSSION

Previously published studies on the in vivo activity of SSL7 employed a wellestablished classical complement pathway dependent inflammation model in which
immune complexes propagate a response (Bestebroer et al., 2010). Stimulation of
peritoneal inflammation with heat-killed S. aureus more closely mimics the type of
immunological response elicited during exposure to this bacterium. Recognition of
pathogen-associated molecular patterns and specific surface antigens present on the
membrane of S. aureus triggers the activation of all three pathways of complement.
Activation of complement acts as a strong trigger for the recruitment and activation of
inflammatory cells such as neutrophils.
Previous chapters have shown that SSL7 is a potent inhibitor of complement
activation and subsequent complement-mediated immune responses in vitro. This
chapter demonstrated that the inhibitory activity translates to a murine in vivo
inflammation model. SSL7 wt was shown to potently block complement activation
and significantly reduce subsequent inflammatory cell migration into the peritoneal
cavity at doses as low as 1 µg/mouse.
In accordance with the previous results of SSL7 in vitro, inhibition of inflammatory
cell migration was dependent on SSL7 binding to C5. Both SSL7 C5- and SSL7 IgAC5- showed no effect on the number of inflammatory cells migrating into the
peritoneal cavity when compared to the S. aureus stimulated control group. A
changed glycosylation pattern in the Cα2/Cα3 domain of murine IgA compared to
human IgA renders SSL7 unable to bind to murine IgA (Langley et al., 2005; Wines
et al., 2011). The murine peritoneal inflammation model is therefore an excellent way
of studying the role of IgA binding in SSL7 mediated inhibition of C5 cleavage. The
effects of the SSL7 IgA- mutant were comparable to SSL7, confirming that removal
of specificity for IgA has no functional effect in the mouse model. In contrast, the
inhibitory activity of wild type SSL7 was significantly improved by combining SSL7
and human IgA in a 1:1 molar ratio. These results strongly support the hypothesis of
steric hindrance as the mechanism of inhibition of SSL7 introduced in Chapter 4 of
this thesis.
C5a levels in lavage samples were not found to reflect the inflammatory cell counts
determined for the same samples and were comparable in baseline and S. aureus
stimulated mice treated with SSL7 or saline. C5a is a very potent proinflammatory
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signal molecule with a central role in the innate immune response and, as increasing
evidence suggests, also a role in the regulation of the adaptive immunity (Haas and
Van Strijp, 2007). In order to control an immune response, C5a is rapidly cleaved by
plasma carboxypeptidases, transforming it into the 100-fold less active C5adesArg
(Woodruff et al., 2011). A local rise of C5a in S. aureus stimulated mice is therefore
likely to be only temporary, inducing chemotaxis of cells and then disappears in line
with controlled inflammation. Comparable C5a levels found in lavage samples
suggest that any inflammatory stimulus had been cleared at the time of sample taking,
3 h post stimulation.
Further investigations into the in vivo effect of SSL7 were obstructed by irregularities
occurring in the model. Insufficient separation between baseline and S. aureus
stimulated control groups resulted in inconclusive data sets. An asymptomatic
infection with pinworm or another undetected infection could have altered the
immune status of the mice.
After the initial round of experiments, succeeding batches of SSL7 lacked an effect in
vivo. All proteins tested in vivo were confirmed to be active and fully functional in
vitro. In depth analysis of protein purification protocols, alterations to the endotoxin
cleaning process and the amount of endotoxin present in the protein did not alter the
functionality in vivo.
Mice utilized in the initial set of experiments were not tested prior to use, but
members of the same colony were confirmed to be S. aureus free. When the colony
was tested once more after restocking of the animal facility with new mice, both
BALB/c and C57BL/6 mice were shown to carry S. aureus on the mucosal surfaces of
the digestive tract (personal correspondence Dr. Siouxsie Wiles and Dr. Silva
Holtfreter, University of Auckland). Ongoing or previous colonisation with S. aureus
could have altered the immune status of the mice used during the peritoneal
inflammation experiments. Littermates were tested negative for anti-SSL7 antibodies,
however levels could be below the detection limit of the assay and taken together with
other antibodies against S. aureus could have an impact on the effect of SSL7.
SSL7 found to be ineffective in the murine model of peritoneal inflammation
described here (Appendix A-4), was sent to the Malaghan Institute (Victoria
University, Wellington, New Zealand) for in vivo testing. SSL7 was found to
effectively inhibit neutrophil influx into the lungs of C57BL/6 mice assessed 24 h
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after intranasal bacterial stimulation (personal correspondence Dr. Johanna Kirman,
Victoria University). These findings suggest that the condition and immune state of
the mice used is a major contributor towards the inconsistencies observed for the
murine peritoneal inflammation model. However, continued activity of the initial
SSL7 IgA- batch and simultaneous lack of effectiveness of newly made batches,
emphasise a contribution by the protein towards the inconsistencies in the model.
The origin of the irregularities in the murine model of peritoneal inflammation
remains unclear, but most likely are multicausal and a combination of an altered
immune state of the mice and possibly minor, undetected changes during protein
purification and processing. However, this murine model of peritoneal inflammation
has provided a conclusive set of data proving the functionality of SSL7 in vivo.
Results presented in this chapter are supported by and complement the recently
published findings that in a murine model of immune complex peritonitis, SSL7 wt
and SSL7 IgA- were able to block the C5a driven influx of neutrophils into the
peritoneum (Bestebroer et al., 2010).
The murine model of peritoneal inflammation showed that SSL7 has an antiinflammatory activity in vivo by interfering with complement activation early during
the mounting immune response. Inappropriate activation and overreaction of the
complement system has been linked to several acute and chronic inflammatory,
autoimmune and neurodegenerative diseases (Ricklin and Lambris, 2007). However,
therapeutic targeting of the complement system can be difficult, as pathogen defence
needs to remain intact, while pathological complement activity needs to be
suppressed. In vivo activity of SSL7 is encouraging and further investigation of SSL7
wt and mutants could result in a complement inhibitor, targeting disease associated
complement activity while preserving the essential immuno-protective function of
these critical pathways.

146

Chapter 8 Discussion
8.1

OVERVIEW

The complex interaction between S. aureus and its host relies on a multitude of bacterial
proteins. A more detailed understanding of this pathogen-host interaction and the role of
individual virulence factors might advance the development of novel antimicrobial
therapeutic strategies.
The human immune response is highly efficient at pathogen clearance and it is not
surprising that S. aureus produces a wide variety of virulence factors that interfere with
the host defence to promote colonization and immune evasion (Foster, 2005). SSL7 is a
member of the staphylococcal superantigen-like protein family, which was identified
through homology to staphylococcal superantigens (Williams et al., 2000; Kuroda et
al., 2001; Langley, 2003). Despite their structural homology to superantigens, SSLs do
not share the ability to stimulate massive lymphocyte proliferation and are proposed to
target key molecules of the host immune defence.
SSL7 binds human IgA and complement C5 (Langley et al., 2005). Binding to the Fc
region of serum and mucosal IgA blocks the interaction with the IgA receptor FcαRI
and enables S. aureus to escape IgA mediated immunity (Langley et al., 2005; Wines et
al., 2006; Ramsland et al., 2007), while binding to C5 inhibits C5-mediated haemolytic
and bactericidal activity (Langley et al., 2005; Wines et al., 2006).
The aim of this research was to further functionally characterise the contribution of IgA
and C5 binding on SSL7 ability to inhibit complement and to determine the effects of
complement inhibition by SSL7 on S. aureus pathogenesis and virulence. Also of
interest was to examine if the individual functions isolated for SSL7 in vitro could be
transferred into a more complex system, such as an in vivo mouse model of
inflammation.
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8.2

STRUCTURAL BASIS FOR COMPLEMENT C5 INHIBITION BY SSL7

The formation of a large pentameric complex between one molecule of IgA and two
molecules of SSL7, each interacting with a C5 molecule while bound to one of the two
heavy chains of the IgA homodimer (IgA-SSL72-C52), suggests that SSL7 most likely
interferes with complement C5 activation distally from the C5a domain through steric
hindrance of the C5 and C5 convertase interaction on the opposite side of the C5
molecule. Recognition of C5 by the C5 convertase is considered to be dependent on
domains spread over the entire length of the molecule. The recently described
complement inhibitor Ornithodoros moubata C5 inhibitor (OmCI) directly binds to the
C345C domain of C5, subsequently preventing C5 convertase recognition and thereby
cleavage into C5b and C5a (Hepburn et al., 2007). The C345C domain, like the MG1
and MG5 domains recognised by SSL7, is located on the reverse side in relation to the
C5a domain and C5 cleavage site (Fredslund et al., 2008; Laursen et al., 2010).
The steric hindrance model suggests that binding of SSL7 to C5 alone is sufficient to
partially mask the convertase recognition site, however addition of bound IgA greatly
increases the size of the complex, thus making C5 highly inaccessible to either of the
two complement C5 convertases. The C3b homologue cobra venom factor has recently
been used to model binding of C5 to the C5 convertase, and revealed SSL7 weakened
but not completely prevented the interaction (Laursen et al., 2011), supporting the
hypothesis that SSL7 alone inhibits C5 cleavage but only develops its full effect in
complex with IgA as observed throughout experimental work presented in this thesis.
Recognition of C5 by SSL7 independent of the C5a domain leads to the conclusion that
SSL7 likely inhibits two distinct steps of complement activation. Firstly SSL7 inhibits
the recognition of C5 by the C5 convertase, thereby blocking the cleavage of C5 and the
generation of C5a and C5b. Secondly, SSL7 inhibits the formation of C5b-9 by binding
to C5b, which has been shown to occur even after cleavage of C5 once C5b has formed
(Laursen et al., 2010). The recently solved crystal structure of C5bC6 supports this
assumption, since it has located one of the two main interactions of C6 with C5b to the
same region (MG1, MG4) as the SSL7 binding site (MG1, MG5) (Hadders et al., 2012).
Another potential consequence of the large pentamer formation by SSL7 could be the
avoidance of antibody recognition. Once bound in the complex with C5 and IgA, only a
single edge of the SSL7 molecules are proposed to be accessible to antibodies (Laursen
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et al., 2010), likely minimising antibody opsonisation and immune clearance of the
protein.
8.3

INTERACTION OF SSL7 AND IGA

SSL7 has previously been shown to bind serum and secretory mucosal IgA with high
affinity, recognising the same Cα2/Cα3 domain on the IgA molecule as the FcαRI
receptor and consequently inhibits the interaction between Fc and receptor (Langley et
al., 2005; Ramsland et al., 2007).
Experimental work presented in this thesis has shown, that IgA binding is essential for
full potential complement inhibition by SSL7. Other than complement inhibition,
binding of human IgA by SSL7 possibly offers multiple additional advantages for
survival and immune evasion of S. aureus. IgA interferes with adherence of pathogens
to the mucosal surface, neutralises toxins and FcαRI interaction with IgA-Fc facilitates
uptake of IgA opsonised pathogens by phagocytes and dendritic cells (Monteiro and
Van De Winkel, 2003). It is likely that the expression of SSL7 allows S. aureus to
subvert these aspects of host defence by reducing the amount of IgA around the
bacteria. As a consequence, SSL7 not only blocks complement activation but also
interferes with IgA-FcαRI interaction mediated immune processes, such as monocyte
and neutrophil activation, degranulation, phagocytosis, antigen presentation and release
of inflammatory mediators (Monteiro and Van De Winkel, 2003).
IgA is the most abundant antibody secreted onto mucosal surfaces and the second most
prevalent antibody in serum after IgG (Woof and Kerr, 2006) and therefore can readily
be utilised by S. aureus during colonization to evade complement by including it into
the complement-inhibiting pentameric complex. The secretory component of mucosal
IgA enhances the confinement of the antibody within mucus on mucosal surfaces
(Brandtzaeg, 2003). Therefore, an additional role of IgA binding by SSL7 might be to
concentrate SSL7 at the site of colonisation and infection, thus localising complement
inhibition and aiding immune evasion by S. aureus.
8.4

INTERACTION OF SSL7 WITH COMPLEMENT C5

Complement activation and subsequent C5 cleavage plays a crucial role in innate
immune clearance of S. aureus. By confining C5 in a large complex with IgA, SSL7
efficiently inhibits C5 cleavage, the generation of C5a and the formation of C5b-9. The
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estimated concentration of C5 in human serum is 0.4 μM (~75 μg/ml) (MüllerEberhard, 1986) and effective doses for the inhibition of C5 activation by SSL7 were
calculated to be 0.2 - 0.5 μM SSL7. This suggests that an effect can be observed when
about half of the C5 molecules in serum are bound by SSL7 with a full effect for doses
of SSL7 matching the concentration of C5 in serum. These findings are in accordance
with the hypothesis of a pentameric IgA-SSL72-C52 complex, which predicts a 1:1
binding of SSL7 to C5.
Inhibition of C5a generation by SSL7 allows S. aureus to interfere with central
proinflammatory events mediated by this anaphylatoxin, including inflammatory cell
activation, chemotaxis, respiratory burst and release of cytokines (Klos et al., 2009).
The function of endstage complement (C5b-9) has traditionally been described as lysis
of Gram-negative bacteria and cells (Walport, 2001). Results included in this thesis
show that C5b-9 is formed and remains surface associated on Gram-positive bacteria
but does not result in cell lysis. A possible role of C5b-9 in this case might be to
augment phagocytosis. Classically, opsonisation is seen to be mediated by C3b and
C4b, targeting bacteria and cells for clearance through surface deposition and
engagement of complement receptors on phagocytotic cells (Dunkelberger and Song,
2010). However the results included in this thesis encourage the notion of a previously
unknown role for C5b or C5b-9. Efficient opsonophagocytosis might not only depend
on C4b and C3b, but possibly also the recognition of surface bound C5b or C5b-9. In
this case it is possible that the terminal complement components on the surface of the
bacterium act as a trigger to enhance phagocytosis and intracellular bacterial killing.
Inhibition of C5b-9 formation by SSL7 would therefore complement the inhibition of
C5a generation and the consequent blocking of neutrophil activation, increasing
survival of S. aureus in the host.
Given the central role of complement in host defence, it is not surprising that S. aureus
expresses various virulence factors targeting this key component of the innate immune
response. Some S. aureus virulence factors seem to display a functional redundancy as
they target the same immune defence mechanism. S. aureus secretes other molecules
that also target the complement system on the level of C3 and C5 cleavage. SCIN and
Efb both block access to the complement convertases by binding to the C3b contained
within, and thereby obstruct convertase activity and complement-mediated downstream
immune responses (Lee et al., 2004; Rooijakkers et al., 2005; Rooijakkers et al., 2006;
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Jongerius et al., 2007). Furthermore, SSL9 and SSL10 have been described to directly
interact with complement, preventing activity of the classical and MBL pathways
(Jackson, 2009; Patel, 2011). SSL10 inhibits complement through direct interaction
with C4 (Patel, 2011), while it is suggested that independent binding sites for C2 and
C4 on SSL9 provide a high affinity interaction with the intermediate C4bC2 complex,
which inhibits the conversion of the complex into the active C3 convertase C4b2b
(Jackson, 2009).
The abundant presence of complement proteins in serum likely means that a single
virulence factor is not sufficient to achieve protection from complement-mediated
defence mechanisms (Hammel et al., 2007). The combined, synergistic actions of many
virulence factors secreted by S. aureus might be necessary to overcome the potent
innate immune response of the human host. Moreover, expression of a single
complement inhibiting protein would increase the likelihood of the immune system to
develop a neutralising defence. Further investigations might reveal the expression of
distinct combinations of various S. aureus complement inhibiting proteins during
different stages of colonisation, such as host invasion or immune evasion. Complement
inhibition by distinct sets of S. aureus proteins might also play an important role in the
switch from S. aureus as a colonising commensal bacterium to a virulent pathogen.
8.5

THE IMPACT OF SSL7 ON THE IMMUNE RESPONSE

The innate immune response against S. aureus is strongly driven by neutrophils. This
primary cellular defence relies on active recruitment to the site of infection through
chemotaxis, followed by activation of neutrophils and concluding in efficient
phagocytosis of the bacteria (Deleo et al., 2009). Among multiple other host molecules,
the potent chemoattractant and proinflammatory anaphylatoxin C5a plays a key role
during this initial cellular host defence. This research has shown that, presumably by
blocking the generation of C5a, SSL7 is able to interfere with all these distinct stages of
early host defence. Delayed or avoided accumulation of neutrophils at the site of
infection and inhibition of activation of cells already present by SSL7 could provide S.
aureus with a considerable advantage that enables the microorganism to colonise the
host and establish an infection.
A secondary effect that could arise from the inhibition of neutrophil chemotaxis may
well be the block of increased local complement activity at the site of infection.
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Properdin is stored in secondary granules and secreted upon neutrophil activation
(Wirthmueller et al., 1997). Local increases in properdin levels result in prolonged
complement activity in addition to effective properdin-initiated de novo activation of
complement at the site of infection (Schwaeble and Reid, 1999). Therefore, by blocking
neutrophil chemotaxis to the site of invasion, SSL7 might not only evade phagocytosis,
but also control local complement activity.
Inhibition of complement C5 activation by SSL7 not only blocks the generation of C5a
and subsequently interferes with anaphylatoxin mediated immune effects, it also blocks
the formation of C5b-9. Recent studies suggest that during a state of moderate
complement activation, as it would be expected during early S. aureus colonisation and
infection, C5b-9 can act as a signal protein complex (Chauhan and Moore, 2011). If
C5b-7 is formed in the fluid phase of serum but fails to insert into the cell membrane,
the meta-stable binding site transiently exposed on C7 decays, however the complex is
still able to combine with C8 and C9 forming a cytolytic inactive C5b-9 (Lachmann and
Thompson, 1970). This cytolytically inactive C5b-9 was found to activate endothelial
cells to express adhesion molecules and induce pro-coagulant activity (Tedesco et al.,
1997). More recently cytolytically inactive C5b-9 in combination with complement
opsonised immune complexes was shown to activate human peripheral blood naïve
CD4+ T-cells, suggesting that cytolytically inactive C5b-9 and complement opsonised
immune complexes can be employed to cross-link T-cell receptors and facilitate Thelper (Th) cell activation and subsequent cellular immune responses (Chauhan and
Moore, 2011). These findings hypothesise a link between the formation of C5b-9 and
activation of the adaptive immune response in the host. Inhibition of C5b-9 formation
by SSL7 could be targeting such cytolytically inactive signalling complexes and hence
hindering Th-cell mediated immune responses such as macrophage activation, B-cell
proliferation and class switching during infection.
8.6

FUTURE DIRECTION

The research on SSL7 presented here has focused on the effect of purified protein on
isolated cells, serum, whole blood and inflammation in a murine model. The exact role
of SSL7 during S. aureus pathogenesis requires further investigation but increasing
evidence supports the notion of SSL7 as a central virulence factor. Analysis of S. aureus
strains isolated from blood culture and throat swabs detected the ssl gene cluster in
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every strain (n=40). Heterogeneity in the composition of the ssl gene cluster did not
extend to the ssl7 gene, which was detected by PCR in all strains (Holtfreter et al.,
2004). The presence of ssl7 and the ssl gene cluster in all strains suggests that this gene
cluster has an essential function during the pathogenesis of S. aureus.
Ubiquitous anti-SSL7 antibody has been found in acute and convalescent serum
samples of bacteraemia patients as well as healthy controls (Ritchie, 2010).
Furthermore, analysis of S. aureus gene expression in a murine subcutaneous abscess
model has given a first insight into in vivo regulation of ssl7 during early infection.
Expression has been observed to peak on day one and two post-infection, with over
120-fold and 140-fold greater ssl7 expression, respectively, when compared to a same
strain in vitro expression control (personal correspondence Dr. Ries Langley and Jeong
Choi, University of Auckland).
Research on the SSL family so far has investigated each member in isolation, however
it can be assumed that S. aureus colonisation and survival is mediated by several if not
all SSLs. Future investigations with two or more SSLs simultaneously, could provide
interesting insights into complementary and synergistic effects of individual SSLs and
deepen our understanding of the complex mechanisms employed by S. aureus to evade
the host immune response.
Research on the effect of SSL7 in vivo presented here gave a convincing set of data but
then encountered difficulties, which could not be resolved before this study concluded.
A possible explanation for the lack of function might be an asymptomatic colonisation
of experimental animals with S. aureus. In humans, permanent colonisation with S.
aureus has been shown to evoke a strain specific and partially protective humoral
immune response (Holtfreter et al., 2010). Similarly, mice colonised with S. aureus are
likely to develop an immune memory during multiple episodes of non-symptomatic,
self-limiting minor invasive infections. In vivo studies exploring the effect of SSL7 on
local inflammatory response have shown promise in a model of peritoneal inflammation
and further investigations with verified S. aureus free mice could include alternative
routes of administration (intraperitoneal injection of SSL7), possible neutralising effects
of anti-SSL7 antibodies in pre-immunised mice and studies on the longevity of the
inhibitory effect by SSL7.
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Further investigation into the effectiveness of SSL7 in vivo could include chronic
inflammatory diseases in which unrestricted or dysregulated complement activation
sustains and amplifies the inflammatory process. In a murine model of allergic asthma,
C5a has been shown to amplify ongoing inflammation through eosinophil and
neutrophil chemotaxis and the induction of cytokine and chemokine release from
leukocytes and mast cells (Köhl et al., 2006). Administration of nebulised SSL7 could
locally prevent C5 activation, thereby blocking excessive inflammatory processes and
alleviate symptoms of acute asthma.
Interruption of C5 mediated-processes has already shown promise in murine models of
chronic inflammatory diseases. Systemic treatment with high doses of anti-C5a
monoclonal antibody blocked C5a mediated amplification of allergic inflammation
most likely by reducing the migration of eosinophils and neutrophils into the lung at the
same time as minimising the release of proinflammatory cytokines and chemokines
from leukocytes (Köhl et al., 2006). Similarly, the use of anti-C5 antibody has been
shown to effectively suppress complement-mediated inflammation in a model of
rheumatoid arthritis (Wang et al., 1995). A humanised anti-C5 antibody, Eculizumab, is
currently in clinical use for the management of paroxysmal nocturnal hemoglobinuria
(PNH), a rare life-threatening disorder in which a lack of complement regulation leads
to excessive MAC formation and lysis of erythrocytes (Ricklin and Lambris, 2007).
Although antibodies currently have a prominent presence in strategies targeting the
complement

system,

better

pharmacokinetics,

oral

bioavailability

and

local

administration routes might favour a peptide or protein, such as modified versions of the
SSL7 β-grasp or SSL7 wt, during drug development.
Other animal models investigating effects of complement in infection and disease are a
plausible field of investigation for SSL7, since unlike other S. aureus virulence factors
it does not exhibit human-restricted specificity and can bind C5 of other species
(Langley et al., 2005).
Based on the anti-inflammatory effects observed for SSL7, expression by L. lactis
pORi23T:ssl7+ might be able to locally reduce inflamed intestinal mucosa in an
inflammatory bowel disease (IBD) model. The exact pathogenesis of IBD remains
unclear, but is considered to be caused by an overreaction of the mucosal immune
response to the gut microbial flora (Bahey-El-Din et al., 2010). Lactococcus is a natural
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coloniser of mucosal surfaces and especially prevalent in the gastro-intestinal tract
(~105 bacteria/gram luminal content) (Wells and Mercenier, 2008). Local control of
inflammation by complement inhibition through oral doses with L. lactis expressing
SSL7 could provide an alternative to life-long systemic treatment with antiinflammatory or immunosuppressive drugs and the associated side effects. A similar
approach with L. lactis expressing the immunosuppressive and anti-inflammatory
cytokine interleukin-10 (IL-10) has been proven in a murine colitis model and is
showing promise in early human trials (Steidler et al., 2003; Braat et al., 2006).
SSL7 could also possibly be a target for the development of an anti-S. aureus vaccine.
Vaccination with S. aureus antigens is protective in various animal models, but does not
translate into humans and to date no anti-S. aureus vaccine has been approved for the
use in medical practice (Holtfreter et al., 2010). The efficiency of vaccines in humans is
possibly influenced by S. aureus immune evasion proteins like SSL7, which prevent full
effectiveness of complement and neutrophils. Even if a vaccine could provide sufficient
antibodies to opsonise the bacterium, no immune response would be triggered since
these two key components are missing at the site of infection (Laarman et al., 2010).
SSL7 antibodies are ubiquitous in serum samples of bacteraemia patients and healthy
controls. However, only approximately 8 % of anti-SSL7 antibodies of bacteraemia
patients and 24 % of healthy controls were able to block SSL7 binding to C5 (Ritchie,
2010). These results show that the development of neutralising anti-SSL7 is possible
and could add to the future success of an anti-S. aureus vaccine. It is likely that an
effective vaccine will have to combine multiple bacterial antigens targeting a wide
range of S. aureus virulence and immune evasion factors (Kolata et al., 2011).
8.7

PERSPECTIVE

Current antimicrobal therapeutics target bacteria specific key components of the cell
wall, DNA replication and protein synthesis, but indiscriminate and at times
inappropriate overuse has led to a rapidly increasing number of multiple-antibiotic
resistant S. aureus strains (Rasko and Sperandio, 2010). S. aureus virulence factors
could be a promising new therapeutic target and even though this strategy would not kill
the pathogen it would have the advantages of less evolutionary pressure to develop
resistance and not affect the resident, benign microflora (Garcia-Lara et al., 2005).
Detailed knowledge of virulence mechanisms, such as the effect of SS7 on complement,
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is crucial in order to discover potential new therapeutic targets. Understanding the role
of SSL7 and other virulence factors during S. aureus pathology might enable us in the
future to target this immune evasive strategy and shift the advantage back to the host
immune system. Novel therapeutic strategies like these, in combination with more
traditional antibiotics, could protect the effectiveness of current therapy strategies and
decrease further evolutionary pressure for the development of new resistant S. aureus
strains (Cegelski et al., 2008).
Inappropriate activation and overreaction to stimulation of complement has been linked
to several acute and chronic inflammatory, autoimmune and neurodegenerative diseases
(Ricklin and Lambris, 2007). However, therapeutic targeting of the complement system
is difficult, defence against pathogens needs to be preserved, while pathological
complement activity needs to be suppressed. SSL7 has been found to effectively
contribute to the manipulation of important aspects of host defence, inhibiting
complement activation and thereby subsequent complement-mediated immune effector
functions, including recruitment, activation of neutrophils and phagocytosis. Further
investigation of SSL7 could result in a complement inhibitor, targeting disease
associated complement activity while retaining essential immuno-protective functions
of these critical components of innate immunity.
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“Wisest is she who knows she does not know”
Jostein Gaarder, Sophie’s World
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Appendices
MURINE MODEL OF PERITONEAL INFLAMMATION
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Appendix A-1: Inflammatory cell response to S. aureus stimulation in restocked
BALB/c mice
Inflammatory cell influx in restocked BALB/c mice injected with 50 µg SSL7 or saline
(0) as a control prior to stimulation with heat-killed S. aureus. Data was statistically
analysed by 1 way ANOVA: Kruskal-Wallis with Dunn’s multiple comparison test, and
asterisks denote statistically significant differences relative to the saline control group
*P<0.05.
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Appendix A-2: Intraperitoneal administration of SSL7
Inflammatory cell influx into the peritoneum after S. aureus stimulation without (0) or
with simultaneous injection of 50 µg SSL7 compared to baseline (BL) controls in A)
BALB/c and B) C57BL/6 mice.
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Appendix A-3: Influence of endotoxin in the murine model of peritoneal
inflammation
Influence of 50 µg confirmed endotoxin free (<0.125EU (<0.125)) and endotoxin
containing (>0.125EU (>0.125)) SSL7 on the influx of inflammatory cells into the
peritoneal cavity in comparison to baseline (BL) and S. aureus stimulated (0) controls.
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Appendix A-4: Influence of SSL7 on inflammatory cell migration in C57BL/6
Response to heat-killed S. aureus in mice treated with saline (0) or 100 µg SSL7
relative to baseline (BL) inflammatory cell counts. Results combine two independent
experiments.
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Appendix A-5: Influence of SSL7 IgA- on inflammatory cell response
Inflammatory cell influx in response to S. aureus stimulated (0) mice compared to mice
injected with A) 50 µg SSL7 IgA- from the initial batch of proteins and B) 50 µg SSL7
IgA- newly purified recombinant protein in comparison to baseline (BL) controls.
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Appendix A-6: Influence of SSL7 from alternative expression systems and
S.aureus strains on cell influx
Influx of inflammatory cells into the peritoneal cavity of mice stimulated with S. aureus
(0) compared to mice prior treated with 100 µg SSL7 expressed in L. lactis (lac) or 100
µg SSL7 cloned from S. aureus JSNZ and expressed in E. coli (JSNZ) and baseline (BL
controls).
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