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Antibiotic resistance is developing faster than the rate of
discovery of effective new treatments against Staphylococcus
aureus (S. aureus) infections, meaning research into the
virulence factors of S. aureus is more important than ever.
The four Immunoglobulin-binding proteins of S. aureus play a
crucial role in virulence, as well as enabling the pathogen to
evade the host immune defences. Infection with S. aureus does
not result in lasting immunological memory, due to the B-cell
superantigenic activity of immunoglobulin-binding protein
A. By understanding the roles these immunoglobulin-binding
proteins play in infection, we can devise potential treatments
and preventative strategies against them.

Introduction
Staphylococcus aureus is a Gram-positive pathogen that causes
recurrent skin and soft tissue infections (SSTI) and more serious
infections such as pneumonia, sepsis, endocarditis or bacteremia
(Blot et al. 1998). 20-30% of the human population are carriers of
S. aureus on their skin and nasal cavity, however it only poses a
threat when it enters the body, as it is an invasive pathogen. Due
to the overuse of antibiotics, S. aureus strains have become resistant
to most treatments, and are known as methicillin-resistant S. aureus
(MRSA). MRSA has become a major public health problem, as even
with treatment the survival rates are poor. To devise new treatments
and preventative strategies, it is therefore crucial to understand how
S. aureus evades the host immune defences and to determine the
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virulence factors involved. The immunoglobulin-binding proteins
of S. aureus are Protein A, Staphylococcal binder of immunoglobulin
and Superantigen-like binding proteins 7 and 10. All of these proteins
play a crucial role in virulence in S. aureus infection (Yamamoto et al.
2013, Zecconi & Scali 2013, Foster et al. 2014). Protein A in particular,
is crucial in pneumonia and sepsis. Here we review how these four
immunoglobulin-binding proteins evade the complement system.
Even though a recently discovered antibiotic has no known resistant
mutants, it is not the end of the era of antibiotic resistance (Ling et
al. 2015).

Immunoglobulin-binding Proteins
Protein A
Protein A (SpA) is a surface protein of S. aureus with two functionally
distinct halves, the c-terminal domain and the N-terminal domain.
The C-terminal domain anchors SpA to the surface of the cell
wall via LPXTG motif (Fig1). The N-terminal contains five protein
binding domains, each consisting of three helices: E, D, A, B and
C (Schneewind et al. 1992). Recently, the crystal structures of these
five binding domains have been established (Deis et al. 2014). These
crystal structures confirmed that a single domain can bind multiple
partners at the same time, such as Fab and Fc. (Graille et al. 2000).
SpA is involved in both adhesion to host cells and evading innate
immune responses relating to immunoglobulins and opsonisation.
SpA is a major microbial surface recognizing adhesive matrix
molecule (MSCRAMM). Experiments with spa-deletion mutants,
show decreased adhesion which corroborates this (Hartleib et al.
2000, Foster et al. 2014). SpA also acts as a B-cell superantigen as it
can interact with the Fab region of VH3 type B cell receptors on IgM.
This causes the proliferation of B-cells by super clonal expansion
and apoptosis of activated B-cells (Goodyear & Silverman 2003,
Palmqvist et al. 2005). The destruction of B-cells prevents the host
from developing immunological memory.
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Sbi
Staphylococcal binder of immunoglobulin (Sbi) is both a secreted
and cell bound protein that binds to IgG, like SpA (Smith et al. 2011).
Sbi is composed of four globular domains (D1, D2, D3, and D4).
Domains 1 and 2 are the immunoglobulin binding domains (IgBD),
similar to SpA (Fig.1). Experiments have shown that the IgBD of
SpA and Sbi share a similar amino acid sequence (Atkins et al. 2008).
While Sbi is cell envelope associated, IgBD 1 and 2 are on the cell
surface, which allows them to bind the Fc regions of IgG, like SpA.
When Sbi is in secreted form, domains 3 and 4 have been found
to interact with the antigen recognition of B-cells. The pathogen
remains undetected and as a result, opsonins are not produced and
the immune response isn’t triggered (Toapanta & Ross 2006, Smith et
al. 2012). Unlike SpA, Sbi doesn’t have a C-terminal LPXTG sorting
signal. This is important, as it shows that Sbi is attached to the cell
envelope differently than the LPXTG-anchored SpA. Sbi has been
found to bind to lipoteichoic acids (LPA) in the cell envelope and
that some Sbi is secreted across the membrane (Smith et al. 2012).

Figure 1: Schematic diagrams of Sbi and SpA. Domains 1 and 2 of Sbi bind IgG, while
domains 3 and 4 are involved in interfering with the C3 convertase of activation pathways.
Sbi contains a variable region Y involved in membrane binding while SpA contains an
LPXTG, a wall anchoring motif and transmembrane domain M. The Wr and Xc regions are
proline rich. Domains 1 and 2 share structural homology with regions E, D, A, B and C of
SpA. Adapted from Smith et al. (Smith et al. 2011)
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Superantigen-like Protein
Superantigen-like proteins (SSL), formally known as staphylococcal
exotoxin-like proteins, are family of exotoxins. SSL proteins have no
superantigenic activity, even though they are structurally similar
to enterotoxins, which do show superantigenic activity. SSL7 and
SSL10 are the only SSL proteins that bind to immunoglobulins,
therefore these will be the focus of our discussion. SSL7 binds to
IgA while SSL10 binds to human IgG and this may be beneficial
in preventing FcR-mediated leukocyte activation (Langley et al.
2005). SSL10 only binds to primate IgG, specifically to the Fc part
through its N-terminal oligonucleotide binding fold domain (Patel
et al. 2010). When bound to IgG, SSL10 has been found to act as
an anticoagulant, however, more research is needed to establish if
this plays a role in S. aureus virulence (Itoh et al. 2013). SSL10 also
binds to phosphatidylserine (PS) to the surface of apoptotic cells,
and may interfere with the clearance of these cells (Itoh et al. 2012).
Additionally, both SSL7 and SSL10 appear to act as virulence factors
in S. aureus infection by interfering with the classical pathway in the
complement system.

Immunoglobulin-binding
Complement

Proteins

in

Evasion

of

The complement system is comprised of a family of proteins and
proteolytic fragments. Complement proteins bind to the surface
of the pathogen to identify it as a target for opsonisation by
macrophages. The activation of complement can occur through
three different pathways; classical, alternative and lectin pathways
(Fig. 2). All of the pathways activate C3 by cleaving it into C3a and
C3b. In the Classical and lectin pathways, C4bC2a also called C3
convertase, cleaves C3 whereas C3bBb is the C3 convertase in the
Alternative pathway.
The Classical pathway is initiated by the binding of antibodies
to the antigens displayed on the surface of the pathogen, and a
complement complex (C1S,C1q,C1r) attaches on to the Fc region of
immunoglobulins. SSL10 competes with C1q to bind to IgG and in
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doing so can inhibit activation of the complement pathway (Itoh et
al. 2010, Patel et al. 2010).
SpA aids the pathogen in evading the host immune defences
by binding the Fc receptors on Immunoglobulin G (IgG).This acts as
a decoy by binding the complement binding portion of the IgG the
wrong way round and coating it with antibodies, so it can’t trigger
the complement system. This prevents the S. aureus being killed
by opsonophagocytosis. SpA binding to IgG is essential to avoid
the host immune defences as mouse models with a SpA deficient
strain of S. aureus suffered less severe arthritis and septic death.
This indicated that SpA is a virulence factor (Palmqvist et al. 2002).
SpA can also bind to von Willebrand factor (vWF) which is a large
glycoprotein, that when bound to SpA is involved in the adhesion
to platelets. This is very important in S. aureus caused endocarditis,
as it allows for the adherence of the pathogen to the host platelets
(Hartleib et al. 2000)
Sbi is involved in disrupting the alternative pathway by
causing the sequestration of C3. The function of C3b is to attach to
the surface of the pathogen through thioester bonds, which causes
them to be phagocytosed. The crystallized structure of Sbi has shown
that it binds to C3 via domain 3 and 4 which prevents it binding to
its target, thus preventing the initiation of phagocytosis (Atkins et
al., 2008). Sbi works in tandem with extracellular fibrinogen-binding
protein (Efb) to sequester C3 with plasminogen. Alternatively, the
C3b protein can from a complex with C4b2a to form the C3/C5
convertase, causing the formation of the membrane attack complex
(MAC). The MAC causes a pore to form on the pathogens surface,
resulting in cell lysis. Sbi also prevents the formation of the MAC
by binding to it, preventing it reaching its target surface and form a
complex with C4b2a (Laursen et al. 2010).
SSL7 binds both IgA and complement C5. The C5 convertase
cleaves C5 to give C5a and C5b. Both of these molecules are a threat
to the survival of S. aureus as C5a stimulates a proinflammatory
response and attracts leukocytes, while C5b is responsible for the
formation of the MAC. The crystal structure of SLL7 interacting with
IgA, showed that the C-terminal β–domain binds to C5 and that the
OB domain interacts with IgA (Laursen et al. 2010). Although IgA
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bound SSL has shown enhanced inhibitory activity in complement
systems in mice, it is not essential that they are bound to each other
(Lorenz et al. 2013)2013. SSL 7 binding to C5, has been shown to
prevent the cleavage of C5 by the C5 convertase, which inhibits both
the classical and alternative pathway.

Figure 2: Complement cascade pathways; A is the Classical pathway which is initiated
by the binding of antibodies to antigens present on the surface, Ig then binds to this
complex. Subsequent arrows represent cleavage events by which the next complement
protein becomes activated in the cascade. B is the Lectin pathway, which is initiated
by mannose binding. It follows the same mechanism of action as the Classical pathway
once C3 is cleaved. C is the alternative pathway which isn’t discussed, but it provides an
amplification loop binding C3b to the bacteria surface which increases the production of
more C3b until the pathogen is covered with them, which attracts macrophages to destroy
them. This diagram was taken from ’’Immune evasions by Staphylococci’’ (Foster 2005)
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SpA induced signalling pathways in pneumonia and
sepsis
Protein A is a virulence factor in both S. aureus induced pneumonia
and sepsis (Palmqvist et al. 2002, Bubeck Wardenburg et al. 2007, Kim
et al. 2012). SpA is multifunctional as it can aid S. aureus in evading
the complement system and establish infection, but it can also
regulate inflammation. SpA is thought to act as a virulence factor
by interacting with signalling pathways, such as Tumour necrosis
factor receptor 1 (TNFR1) and epidermal growth factor receptor
(EGFR) (Gomez et al. 2004). SpA can use its IgG binding domains to
bind with TNFR1, which activates the expression of chemoattractant
cytokines, such as interleukin-8 (IL-8).This interaction also initiates
the production of CXCL10 in airway epithelial cells, and attracts
type 1 interferon (IFN) (Ahn et al. 2014). This results in inflammation
and tissue damage to the lungs.

Figure 3: The induction and repression of inflammation. A, binding of
SpA to the TNFR1 receptor results in the production of IL-8 through a
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signalling cascade, which attracts neutrophils, resulting in inflammation.
B, TNF-α is neutralized upon TNFR1 binding as the TNFR1 receptors on
the cell surface have been cleaved off by SpA induced ADAM17 and EGFR
resulting in reduced inflammation. Adapted from Gomez et al. (Gomez et
al. 2004).
TNFR1 signalling can also be activated when TNF-α binds to
it. TNF-α is a pro-inflammatory signalling cytokine that binds to its
receptor (TNFR1) present on the surface of cells, which triggers the
production IL-8, recruits neutrophils, and results in inflammation
(Gomez et al. 2004, Gomez et al. 2007). TNFR1 can be positively or
negatively regulated. Negative regulation of TNFR1, in relation to
pneumonia and sepsis, is carried out by an enzyme called ADAM17
(also known as TNF-α converting enzyme, TACE). ADAM17 cleaves
the TNFR1 off the surface of cells so TNF-α has less receptors to
bind to, which dampens the inflammation response (Giai et al. 2013).
EGFR is triggered by SpA, and activates ADAM17 to cleave off the
TNFR1 on the surface of macrophages (Fig. 3). This suggests that
SpA can promote inflammatory events as well as inhibit them,
depending on which receptor it binds to. In pulmonary infections
such as pneumonia, SpA normally binds to TNFR1 which signals
for the production of IL-8, causing a proinflammatory event in the
lungs (Giai et al. 2013). Early action of TNF-α is very limited in the
lung as airway epithelial cells don’t produce significant levels of it
so SpA binds to TNFR1. However, in other S. aureus infections, such
as sepsis, there are plenty of immune cells that can generate TNF-α.
A novel mechanism has been suggested to account for this, and
suggests that soluble TNFR1 may neutralize circulating TNF-α, by
causing the early shedding of TNFR1, which reduces inflammation.
This has been shown using SpA deficient mutants, and tnfr1-/- in
mice (Gomez et al. 2004).

Preventative Therapies and Treatments
Successful vaccination is dependent on the induction of immune
memory. SpA has been found to prevent the production of specific
antibodies to other staphylococcal antigens (Pauli et al. 2014), so for
vaccination to be successful , SpA must first be supressed. However,
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experiments using SpAKKAA mutant, which lacks the Fab and Fc
binding regions, elicited antibody production against SpA in mouse
models (Kim et al. 2010).This mutant also resulted in partial immune
protection from the wild-type SpA. However, it is important to note
that past clinical vaccine trials have all failed and that they all used
a single antigen target, be it SpA or any of the immunoglobulinbinding proteins. It is highly likely that a successful vaccine strategy
would incorporate multiple antigens as different types of S. aureus
caused infections contain different virulence factors that aid its
evasion of the host immune system (Bagnoli et al. 2012). Experiments
in mice have already shown that vaccines with a combination of
protein targets, provide more protection. Four surface proteins;
IsdB, IsdA, Sdr+ and SdrE provided better protection to mice than
any single component vaccine (Stranger-Jones et al. 2006, Kim et al.
2012, Rauch et al. 2014).
Recent experiments using phage therapy in mouse models
found promising results for the use of phage therapy as a treatment
to septicaemia, and potentially against MRSA pneumonia. Mice
infected with lung derived septicaemia and then treated with S.
aureus phage S13, showed lower levels of the pro-inflammatory
cytokines, IL-6 and TNF-α which implies reduced inflammation and
disease severity (Takemura-Uchiyama et al. 2014).
Treatment of S. aureus infections with antibiotics is becoming
increasing difficult, due to the rapid rate of strains developing
resistance. However the recent discovery of a new antibiotic that so
far has no detectable resistant strains, is showing hope as a treatment
to resistant S. aureus strains. In MRSA caused septicaemia mouse
models, with a 90% mortality rate, all mice treated with teixobactin
survived (Ling et al. 2015). Further experiments also showed that
teixobactin is nontoxic to human cells, which indicates it may be a
successful therapeutic agent in humans against S. aureus infection.
Patients suffering from MRSA infections are currently treated with
vancomycin, but it has poor bactericidal activity, which often leads
to patient death (Kollef 2007). Teixobactin has excellent bactericidal
properties as it is thought to interfere with the formation of Teichoic
acid, which is responsible for anchoring autolysins. Teixobactin
binds to lipid II which is the precursor for peptidoglycan formation,
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and lipid III which is the precursor for cell wall teichoic acids. This
mode of action results in excellent bactericidal activity against
S. aureus, as it frees the autolysins which then digest the cell wall
and cause bacterial cell lysis (Ling et al. 2015). Teixobactin is only
effective against gram-positive bacteria, so it may also be used
against Clostridium difficile and Bacillus anthracis.

Conclusions
In this review I have described the major strategies in which S.
aureus uses its immunoglobulin-binding proteins to evade the
host immune system, particularly the complement system. SpA is
the most studied, and also appears to carry out multiple functions
involved in immune evasion, such as inflammation, prevention of
opsonisation and platelet adhesion. However, there is little known
about the more recently discovered immunoglobulin-binding
proteins SSL10 and SSL7. Further research is needed to determine
their roles in immune evasion and to confirm that they are involved
in the prevention of leukocyte activation.
Although teixobactin has no resistant strains yet, it is
thought that some may evolve over time. It took more than 30 years
for vancomycin resistant strains to appear so resistant strains of
teixobactin may eventually emerge (Ling et al. 2015). This recent
antibiotic discovery suggests that there may still be more compounds
with potential therapeutic affects against S. aureus, waiting to
be discovered in nature. The recent finding that phage therapy is
successful in mouse models, needs to be confirmed by other studies,
but it is promising. It is accepted that a possible S. aureus vaccine
would need to incorporate multiple antigens in a single vaccine to
target a specific S. aureus induced infection. This indicates that a
universal vaccine against S. aureus will not be possible until we fully
understand the different virulence factors and their mechanisms of
action in each S. aureus infection.
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