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Abstract

The human commensal bacterium Staphylococcus aureus can cause a wide range of infections
ranging from skin and soft tissue infections to invasive diseases like septicemia, endocarditis, and
pneumonia. Muticellular organization almost certainly contributes to S. aureus pathogenesis
mechanisms. While there has been considerable focus on biofilm formation and its role in
colonizing prosthetic joints and indwelling devices, less attention has been paid to non-surface
attached group behavior like aggregation and clumping. S. aureus is unique in its ability to
coagulate blood, and it also produces multiple fibrinogen-binding proteins that facilitate clumping.
Formation of clumps, which are large, tightly-packed groups of cells held together by fibrin(ogen),
has been demonstrated to be important for S. aureus virulence and immune evasion. Clumps of
cells are able to avoid detection by the host’s immune system due to a fibrin(ogen) coat that acts as
a shield, and the size of the clumps facilitates evasion of phagocytosis. In addition, clumping could
be an important early step in establishing infections that involve tight clusters of cells embedded in
host matrix proteins, such as soft tissue abscesses and endocarditis. In this review we discuss
clumping mechanisms and regulation, as well as what is known about how clumping contributes to
immune evasion.
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1. Introduction

The gram-positive bacterium Staphylococcus aureus is a common human commensal,
colonizing the nostrils and skin of ~30% of the population (Gorwitz et al., 2008; Miller and
Diep, 2008). It is also a formidable opportunistic pathogen, causing superficial skin and soft
tissue infections as well as potentially life-threatening invasive diseases such as bacteremia,
pneumonia, endocarditis, and osteomyelitis (Lowy, 1998). S. aureusis able to thrive in a
wide range of sites within the body, in part due to its impressive array of virulence factors,
including adhesins, toxins, and immune evasion proteins (Foster et al., 2014;
Thammavongsa et al., 2015). Treatment has become more challenging, as methicillin
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resistant S. aureus (MRSA) is already widespread in the clinic and in communities, and
strains resistant to the last-line antibiotic vancomycin have emerged in recent years
(Chambers and Deleo, 2009). A deeper understanding of how S. aureus interacts with the
host will facilitate the development of novel therapeutic strategies, particularly as antibiotic
resistance becomes more prevalent.

Traditionally, S. aureus and other bacterial pathogens have been grown either as free-floating
planktonic cells or as a biofilm. The term biofilm is used loosely in the literature, but usually
it describes a multilayered community of cells attached to a surface. These cells are
embedded in an extracellular matrix, composed of some combination of secreted
polysaccharides, proteins, and DNA, and exhibit increased resistance to antibiotics (Davies,
2003; Lebeaux et al., 2014; Paharik and Horswill, 2016). Some staphylococcal infections
clearly involve biofilm formation, such as colonization of indwelling devices including
catheters, artificial joints, and pacemakers (Tong et al., 2015). However, not all S. aureus
infections involve the biofilm mode of growth, and there is increasing evidence that
aggregation or “microcolony” formation is more relevant in many cases (Bjarnsholt et al.,
2013). Often these aggregates are embedded in host material, such as extracellular matrix
proteins like fibrinogen, fibronectin, and collagen. These microcolonies are not necessarily
surface attached, are generally smaller than typical biofilms, and do not form the mushroom-
like towers that have been observed with /n vitro biofilm growth (Bjarnsholt et al., 2013).
Examples of infections that may involve staphylococcal aggregates or microcolonies, rather
than typical biofilms, include chronic wound infections (Fazli et al., 2009), osteomyelitis
(Horst et al., 2012), soft tissue abscesses (Cheng et al., 2011), and endocarditis (Salgado-
Pabon et al., 2013). In these cases interactions with host matrix molecules are particularly
important, both in colonization of the site and evasion of the immune response.

In this review we examine the molecular underpinnings of S. aureus aggregation and
microcolony formation. Our primary focus is on cell clustering mediated by the abundant
host plasma protein fibrinogen/fibrin, the fibrous component of the coagulation cascade
responsible for blood clotting. One of the hallmarks of S. aureusis its ability to coagulate
blood (Loeb, 1903), allowing for clinical differentiation of S. aureus from coagulase-
negative Staphylococci (CoNS) such as S. epidermidis (Lowy, 1998). S. aureus secretes two
soluble coagulases that interact with prothrombin to catalyze conversion of fibrinogen to
fibrin (McAdow et al., 2012b). S. aureus can also interact directly with fibrinogen to form
large clusters of cells, a process that has been termed clumping or agglutination and is
mediated by cell surface proteins that bind to fibrinogen. For simplicity we will refer to this
process as clumping going forward. We will review the molecular mechanisms and
regulation of S. aureus clumping and its importance to human disease. We will also briefly
discuss S. aureus aggregation that is mediated by bacterial products rather than human
matrix proteins. Aggregation is distinct from clumping, and is dependent on either secreted
polysaccharides or surface proteins. We will describe how these aggregates form and to
explore their relevance to disease progression.
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2. Fibrinogen/fibrin mediated clumping

2.1 S. aureus interactions with the coagulation cascade

The coagulation cascade consists of a hierarchy of zymogens that is finely tuned to respond
to and patch breaches in blood vessels (Adams and Bird, 2009). Vascular damage triggers a
local proteolytic cascade, leading to activation of prothrombin to thrombin. Thrombin
processes fibrinogen to fibrin, which aggregates and forms a dense fibrous clot that is later
strengthened by the crosslinking activity of the transglutaminase factor Xllla (Fig. 1). To
complete the wound healing process, the clot is ultimately broken down in a process called
fibrinolysis. This is catalyzed by plasmin, which exists in the bloodstream as a zymogen,
plasminogen, until it is activated. The central player in clotting, fibrinogen, is an abundant
plasma glycoprotein present at concentrations of 2—4 mg/ml (612 pM) in blood (Ariens,
2013). Fibrinogen is a hexameric protein composed of two copies each of Aa-, BB-, and y-
chains (Fig. 1). The chains come together to form coiled coils, meeting at the center at their
N-termini and forming globular domains at the C-termini. The result is an ~50 nm propeller-
shaped dimeric protein with globular ends (Yang et al., 2000b). Upon activation, thrombin
cleaves off the A and B peptide extensions of the a- and B-chains of fibrinogen, releasing
them as A and B fibrinopeptides and allowing thick fibrin cables to assemble into a clot
(YYang et al., 2000a).

S. aureus has developed multiple strategies to locally interfere with the coagulation cascade.
Most S. aureus clinical isolates secrete two coagulases, the classical coagulase (Coa) and
von Willibrand Factor-binding protein (vWbp) (Kawabata et al., 1985; Kroh et al., 2009),
which are able to activate prothrombin by forming a tight 1:1 complex with the zymogen.
This “staphylothrombin” complex is catalytically active in converting fibrinogen to fibrin,
circumventing the need for proteolytic processing of prothrombin to thrombin (Friedrich et
al., 2003; Kroh et al., 2009). Both coagulases contain conserved D1 and D2 prothrombin
binding domains within the N-terminal half of the protein (Friedrich et al., 2003). The C-
terminal half of Coa includes 5 to 8 copies of a 27-residue repeat that binds to fibrinogen
(Ko et al., 2016; McDevitt et al., 1992; Thomer et al., 2013). The C-terminal half of vWbp
differs from Coa, and was originally identified as a binding partner for von Willibrand factor
using a phage display library (Bjerketorp et al., 2002). Recent work suggests that viWbp may
not associate with von Willibrand factor in plasma, but may instead form a complex with
prothrombin, fibrinogen, and factor XIII that is able to non-proteolytically activate the
transglutaminase activity of factor XI1I (Thomer et al., 2013). The role of staphylococcal
coagulases in disease progression was unknown for many years, but recent work indicates
that they promote formation of a fibrin shield around the bacterial cells during the
development of abscesses (Cheng et al., 2010) (discussed in more detail below).

2.2 Staphylococcal clumping factors

It has been known for over a century that S. aureus forms large clumps of cells in the
presence of plasma (Much, 1908). This clumping was later found to be due to interactions
with soluble fibrinogen, and specifically the C-terminal 27 residues of the y-chain of
fibrinogen (Fig. 1) (Hawiger et al., 1982; Lipinski et al., 1967). Representative images of a
S. aureus clumps formed with purified human fibrinogen are shown in Fig. 2. Clumping is
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possible because S. aureus interacts with the distal ends of the fibrinogen dimer, allowing
fibrinogen to act as a bridge between neighboring cells (Hawiger et al., 1982). Clumping
was found to be independent of coagulation (McDevitt et al., 1992), and required a cell
surface protein named clumping factor A (CIfA) (McDevitt et al., 1994; McDevitt et al.,
1997). CIfA has a canonical LPXTG motif at its C-terminus for covalent anchoring to the
cell wall by sortase. It is a member of the microbial surface component recognizing adhesive
matrix molecules (MSCRAMM) family, a group of surface proteins recently redefined as
having two adjacent IgG fold domains in their N-terminal regions (Foster et al., 2014). CIfA
is divided into an N-terminal A domain, composed of three independently folded
subdomains (N1, N2, and N3) and a C-terminal R domain, containing a long stretch of
serine-aspartate (SD) dipeptide repeats (Fig. 3). The serine residues in the SD repeat region
are modified with N-acetylglucosamine disaccharides, apparently to protect this part of the
protein from proteolysis (Hazenbos et al., 2013; Thomer et al., 2014). Structural analysis of
a fragment containing the N2 and N3 domains, which is the minimal portion required for
fibrinogen binding (McDevitt et al., 1997), showed that N2 and N3 adopt separate 1gG folds
and bind to fibrinogen using a three step “dock, lock and latch” mechanism (Deivanayagam
et al., 2002; Ganesh et al., 2008). CIfA has a similar binding affinity for both fibrinogen and
fibrin, with a Ky of ~0.5 pM, allowing it to mediate clumping with both forms of the
molecule (McAdow et al., 2011; McDevitt et al., 1997).

S. aureus has a second clumping factor, CIfB, that is structurally similar to CIfA, although
their binding domains are only 26% identical (Ni Eidhin et al., 1998). CIfB also binds to
fibrinogen, but unlike CIfA it binds to the a-chain (Walsh et al., 2008). Expression of ¢/fBis
under the control of the Agr quorum sensing system and is only expressed in the early
exponential phase of growth; consequentially, the contribution of CIfB to clumping is often
overshadowed by that of CIfA (Ni Eidhin et al., 1998; Xue et al., 2012). Interestingly, CIfB
also binds to cytokeratin 10 and loricrin, facilitating adhesion to nasal epithelial cells
(Mulcahy et al., 2012; O’Brien et al., 2002b; Walsh et al., 2004). Structural analysis of a
portion of the binding domain of CIfB showed that it binds to fibrinogen and cytokeratin 10
in a similar manner, with the ligands binding to a hydrophobic trough between the N2 and
N3 subdomains via the dock, lock and latch mechanism (Xiang et al., 2012). CIfB appears to
recognize a glycine and serine rich motif, GSSGXGXXG, that is also present in loricrin,
explaining how it is able to bind to several different ligands with similar affinities (Mulcahy
etal., 2012; Xiang et al., 2012). Of note, mouse fibrinogen lacks this motif, explaining why
CIfB binds to human fibrinogen with higher affinity (Ko and Flick, 2016). Studies in both
mice and humans have shown that CIfB is important for nasal colonization (Schaffer et al.,
2006; Wertheim et al., 2008), and this appears to be primarily due to its ability to bind
loricrin (Mulcahy et al., 2012).

The CoNS species S. lugdunensisand S. schleiferialso produce clumping factors and can
give a positive result in latex bead agglutination tests (Freney et al., 1988). For this reason
these species have often been misidentified as S. aureus in the clinic, leading to an under
appreciation of their contribution to disease (Argemi et al., 2015; Elamin et al., 2015). S.
lugdunensis is particularly virulent among CoNS species, and can cause a range of invasive
infections, including endocarditis, sepsis, abscesses and wound infections (Frank et al.,
2008). The clumping factor Fbl appears to be one of the few virulence factors produced by
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S. lugdunensis (Frank et al., 2008), suggesting that fibrinogen binding and clumping may be
important for establishing these invasive infections. Fbl is highly similar to CIfA and appears
to be the main fibrinogen-binding surface protein in S. lugdunensis (Mitchell et al., 2004;
Nilsson et al., 2004). Both Fbl and CIfA have similar affinities for fibrinogen and bind to the
same region of the fibrinogen y-chain (Geoghegan et al., 2010b).

The more common CoNS species S. epidermidis also encodes a fibrinogen-binding
MSCRAMM called SdrG, also known as Fbe (Hartford et al., 2001; Nilsson et al., 1998).
While SdrG is important for binding to immobilized fibrinogen, it does not promote
clumping (Nilsson et al., 1998). This can be explained by the fact that SdrG recognizes the
N-terminus of the BB-chain of fibrinogen (Davis et al., 2001; Pei et al., 1999), which is
located at the center of the fibrinogen dimer rather than at the distal ends, preventing
bridging between neighboring cells (Fig. 3B). In addition, unlike CIfA and CIfB, SdrG is
only able to bind fibrinogen and not fibrin, as the B fibrinopeptide is required for recognition
(Davis et al., 2001). Interestingly, the SdrG binding site overlaps with the thrombin cleavage
site for removal of the B fibrinopeptide and binding by SdrG inhibits thrombin cleavage
(Davis et al., 2001).

2.3 Other fibrinogen-binding surface proteins in S. aureus

S. aureus produces a surprising number of cell wall anchored and secreted fibrinogen-
binding proteins in addition to CIfA and CIfB. These proteins do not appear to contribute
appreciably to clumping and will be covered only briefly here. Two of these surface proteins,
which share structural homology to the clumping factors, are fibronectin binding proteins A
and B (FnBPA and FnBPB, Fig. 3). Both were originally characterized as binding to
fibronectin (Flock et al., 1987; Froman et al., 1987; Jonsson et al., 1991), an extracellular
matrix glycoprotein that is present in blood at ~1/10 the concentration of fibrinogen
(Mosher, 2006). The Aterminal A domains of FNBPA and FnBPB are similar to that of
CIfA, with three subdomains, N1, N2, and N3, but the C-terminal stalk region consists of 11
tandem repeats rather than an SD repeat region. Fibronectin binding is localized to the
tandem repeats in the C-terminal stalk (Flock et al., 1987; Meenan et al., 2007; Signas et al.,
1989), and it was later found that the N2—N3 region of FnBPA mediates binding to
fibrinogen and elastin (Keane et al., 2007; Roche et al., 2004; Wann et al., 2000). FnBPA
and CIfA use a similar binding mechanism to interact with the same region of fibrinogen,
and indeed addition of exogenous FnBPA A domain can interfere with clumping (Wann et
al., 2000). Yet the fibronectin binding proteins don’t contribute appreciably to clumping, as
strains expressing FnBPA and FnBPB but lacking both ¢/fA and c¢/fB are almost completely
unable to clump (Wann et al., 2000). However, overexpressing FnBPA from a multicopy
plasmid does restore clumping in a ¢/fA ¢/fB double mutant, demonstrating that FnBPA can
facilitate clumping when expressed at high levels (Wann et al., 2000). It is unclear why
FnBPA and FnBPB don’t promote clumping when expressed at native levels, but it is
possible that they are not abundant enough or are overshadowed by larger surface proteins.
In addition, recent evidence suggests that binding to fibronectin may sterically exclude
fibrinogen binding when both matrix proteins are present (Stemberk et al., 2014), which may
explain why FnBPA and FnBPB don’t appear to contribute to clumping in plasma.
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Bone sialoprotein binding protein (Bbp, Fig. 3), another member of the MSCRAMM family
in S. aureus, has been implicated in fibrinogen binding. Bbp is an allelic variant of SdrE,
sharing 76% identity in the A domain responsible for ligand binding and ~95% homology
over the rest of the sequence (Tung et al., 2000). The overall domain organization of Bbp/
SdrE is similar to that of CIfA, except that there are three B repeats inserted between the A
domain and SD repeat region (Josefsson et al., 1998a). These B repeats, which bind Ca2*,
each adopt a p-sandwich fold and are thought to act as a spring-like linker connecting the A
domain to the SD repeats (Josefsson et al., 1998b; Wang et al., 2013). Although Bbp was
originally identified as a bone sialoprotein binding protein (Tung et al., 2000), it was later
found to bind fibrinogen with high affinity (Vazquez et al., 2011). A purified fragment of
Bbp spanning the N2—-N3 region of the A domain binds to residues 561-575 of the Aa-chain
of fibrinogen with a Kq of ~0.5 UM (Vazquez et al., 2011). Structural analysis indicates that
Bbp binds fibrinogen using a dock, lock and latch mechanism similar to what has been
observed with other MSCRAMM proteins (Zhang et al., 2015). The bbp gene appears to be
present in only ~20-40% of clinical isolates, with a slightly increased prevalence in
osteomyelitis isolates (Peacock et al., 2002; Tristan et al., 2003). The sar£ isoform is more
common and is found in ~55-65% of clinical isolates (Li et al., 2013; Peacock et al., 2002;
Yu et al., 2012). The function of SdrE is less clear, although preliminary results suggest that
it also binds fibrinogen, with a higher affinity for non-human fibrinogen (Ko and Flick,
2016). In addition, SdrE has been reported to bind to complement regulator factor H (Sharp
et al., 2012), and it can also promote platelet aggregation (O’Brien et al., 2002a).

2.4 Secreted fibrinogen-binding proteins in S. aureus

S. aureus expresses a group of secreted proteins that interact with host molecules known as
SERAMs (secretable expanded repertoire adhesive molecules), many of which can bind
fibrinogen (Chavakis et al., 2005). These include Coa (discussed above), Efb, Emp and Eap,
which are all regulated by the SaeRS two-component system (Rogasch et al., 2006). In
general less is known about the secreted fibrinogen-binding proteins, which do not share the
same fibrinogen binding domains and mechanisms as the cell wall anchored proteins. One of
the better-understood proteins is Efb (extracellular fibrinogen binding protein), a 16 kDa
secreted protein that is involved in immune evasion. The N-terminal half of Efb has two
repeats that bind fibrinogen, and the C-terminal half of Efb binds to the complement
component C3b (Lee et al., 2004a; Lee et al., 2004b; Palma et al., 1998). The fibrinogen-
binding repeats are intrinsically disordered and share homology with the fibrinogen-binding
repeats of Coa (Ko et al., 2016). Efb is not involved in cellular adhesion to fibrinogen
(Palma et al., 1996), and instead facilitates the formation of a fibrinogen shield at the cell
surface (Ko et al., 2013). Cells are coated with C3b during opsonization, which provides a
binding surface for secreted Efb. Fibrinogen then interacts with the bound Efb to create a
shield around the cell, masking complement factors and protecting the cell from
phagocytosis (Ko et al., 2013).

Two other secreted fibrinogen-binding proteins, Emp and Eap, are thought to associate with
the cell surface after secretion. Emp (extracellular matrix protein-binding protein, also
known as Empbp and Ssp), is a ~38 kDa protein that interacts with fibronectin, fibrinogen,
and vitronectin (Hussain et al., 2001). The mechanisms for binding to these ligands are
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currently unknown. While clumping has not been tested, an emp mutant does have a slight
defect in binding to immobilized fibrinogen (Hussain et al., 2001). Emp can be detected
surrounding staphylococcal cells in abscess communities, and an emp mutant shows defects
in abscess formation, suggesting that its ability to bind extracellular matrix proteins is
important for virulence (Attia et al., 2013; Cheng et al., 2009; Guggenberger et al., 2012).
Eap (extracellular adherence protein, also called Map) is a 50-70 kDa secreted protein
consisting of 4-6 tandem repeats, each of which adopts a p-grasp fold (Geisbrecht et al.,
2005). It was originally identified as a cell surface associated protein that could bind to a
wide variety of extracellular matrix proteins, including fibrinogen, fibronectin, vitronectin,
thrombospondin, and collagen (Jonsson et al., 1995; McGavin et al., 1993). Its lack of
specificity was speculated to be due to its high density of lysine residues (it has a pl of 9.9)
and also its high hydrophobicity (McGavin et al., 1993). Later work showed that egp wasn’t
required for S. aureus binding to any of these matrix proteins, suggesting Eap might have
alternative functions (Chavakis et al., 2002; Kreikemeyer et al., 2002). It now appears that
Eap may interfere with the immune response by binding to and inhibiting neutrophil serine
proteases (Stapels et al., 2014) and the complement component C4b (Woehl et al., 2014), as
well as reducing neutrophil recruitment to the site of infection and altering the development
of adaptive immunity (Harraghy et al., 2003).

2.5 Clumping in synovial fluid

Historically S. aureus clumping has been studied in the presence of plasma or purified
fibrinogen, and under these conditions essentially all of the observed clumping is due to
CIfA and CIfB (Ni Eidhin et al., 1998). Recently it was observed that S. aureus forms large
clumps in synovial fluid from patients undergoing knee arthroplasty (Dastgheyb et al.,
2015a). Synovial fluid clump formation was prevented by pre-incubation with plasmin,
suggesting that fibrin plays a crucial role in the clump structure. This was supported by the
observation that strains lacking the fibrinogen-binding proteins c/fA, c/fB, fnbA, or fnbB
formed fewer macroscopic clumps than the wild-type (Dastgheyb et al., 2015a). Expression
of fmbA and fnbB was elevated in synovial fluid compared to serum, but based on absolute
expression levels CIfA was predicted to be the dominant MSCRAMM expressed under these
conditions (Dastgheyb et al., 2015b). While these results are consistent with fibrin being the
main host matrix molecule in synovial fluid clumps, it was surprising that pre-formed
synovial fluid clumps could not be dismantled with plasmin (Dastgheyb et al., 2015a). Work
from our lab suggests that the large glycosaminoglycan hyaluronic acid, which is abundant
in synovial fluid, also contributes to formation of these large clumps (Ibberson et al., 2016).
Future studies may provide more information on the molecular structure of synovial fluid
clumps and their importance in prosthetic joint infections.

2.6 Regulation of clumping

Almost all S. aureus clinical isolates express both CIfA and CIfB (Peacock et al., 2002;
Tristan et al., 2003), making clumping in the presence of plasma a nearly universal
phenotype. This is reflected in the widespread clinical use of rapid agglutination tests with
fibrinogen-coated beads. However, there are situations where clumping is inhibited,
generally through expression of other surface structures that interfere with fibrinogen
binding. For example, a subset of MRSA strains express a large surface protein called Pls
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that can interfere with clumping and give a negative result in rapid agglutination tests
(Kuusela et al., 1994; Vaudaux et al., 1998). Pls is a 230 kDa cell wall attached adhesin
encoded within the staphylococcal chromosome cassette mec (SCCmec) type | element
conferring methicillin resistance in a subset of MRSA strains (Hilden et al., 1996; Ito et al.,
2001). Deletion of p/s restores binding to both fibrinogen and fibronectin, suggesting that
Pls inhibits interactions with these matrix proteins by steric hindrance (Hussain et al., 2009;
Savolainen et al., 2001). Likewise, when capsule polysaccharide is expressed at high levels it
can prevent clumping, likely by masking clumping factors (Risley et al., 2007).

Our group has recently shown that inactivation of the ArIRS two-component regulatory
system inhibits clumping (Fig. 4A), suggesting that clumping may be controlled in response
to environmental signals (Walker et al., 2013). ArlS is a membrane bound histidine kinase
that phosphorylates ArlIR, a transcriptional regulator, in response to an unknown signal. The
ArIRS system has been previously linked to biofilm formation and virulence, although the
mechanism of action was largely unknown (Benton et al., 2004; Liang et al., 2005; Toledo-
Arana et al., 2005). It is becoming clear that ArIRS activates expression of the global
regulator MgrA, which in turn controls expression of more than 100 genes (Crosby et al.,
2016; Luong et al., 2006; Luong and Lee, 2006). Among the genes under the control of this
regulatory cascade are those for eight surface proteins, several of which appear to be
responsible for blocking clumping. Specifically, MgrA represses expression of the large
surface proteins Ebh, SraP, and SasG, and increased production of any one of these proteins
can interfere with clumping (Crosby et al., 2016). We hypothesize that these proteins act is a
similar fashion as Pls, and that when they are de-repressed they block interactions with
fibrinogen through steric hindrance. This is line with previous work showing that
overexpressing SasG from a plasmid can block fibrinogen binding (Corrigan et al., 2007).

To further underscore that clumping and biofilm formation are distinct processes, strains
lacking ar/RS or mgrA are defective in clumping but actually produce increased amounts of
biofilm (Crosby et al., 2016; Toledo-Arana et al., 2005; Trotonda et al., 2008; Walker et al.,
2013). Upregulation of large surface proteins in these mutants appears to interfere with the
ability of planktonic cells to approach each other and interact via fibrinogen bridges. Yet
increased production of one of these surface proteins, SasG, also seems to facilitate biofilm
formation among surface-attached cells (Fig. 4B) (Crosby et al., 2016). SasG is known to
promote biofilm formation (Geoghegan et al., 2010a), but it has not previously been
appreciated that expression of proteins like SasG can simultaneously block clumping and
promote biofilm formation, depending on the growth conditions and human matrix proteins
present. Determining the environmental signal sensed by ArlIS will shed light on when
expression of these surface proteins is normally induced.

3. Role of clumping/agglutination in disease

3.1 Involvement of clumping in disease models

The most convincing evidence that S. aureus clumping is involved in pathogenesis comes
from animal infection models. Strains that lack ar/RS or mgrA, and thus are unable to
clump, consistently show reduced virulence in models of endocarditis, sepsis, arthritis and
skin abscesses (Benton et al., 2004; Chen et al., 2006; Crosby et al., 2016; Gupta et al.,
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2013; Liu et al., 2014; Walker et al., 2013). Also, mutations in genes of individual proteins
responsible for clumping and/or coagulation, such as c¢/fA, coaand vIWbp, lead to decreased
virulence. CIfA is involved in various types of infections including sepsis (Josefsson et al.,
2008; McAdow et al., 2011), endocarditis (Moreillon et al., 1995; Que et al., 2001;
Stutzmann Meier et al., 2001), kidney abscesses (Cheng et al., 2009), arthritis (Josefsson et
al., 2001; Josefsson et al., 2008), and skin infections (Kwiecinski et al., 2014). There is,
however, uncertainty regarding how CIfA affects virulence. In addition to clumping, CIfA
can also promote bacterial adhesion to host tissues (Heilmann, 2011), activate platelets
(O’Brien et al., 2002a) and inactivate complement (Hair et al., 2010). Initial attempts to
disentangle these mechanisms relied on the use of strains carrying point mutations in CIfA
that prevent fibrinogen binding, while retaining the general structure and expression of the
CIfA protein (Josefsson et al., 2008; Scully et al., 2015). Those results pointed to fibrinogen
binding as the main mechanism of CIfA action, but subsequent discovery that the same point
mutations also interfere with anti-complement activity of CIfA raised questions on the
original interpretation (Hair et al., 2010). Another study demonstrating that CIfA affects
virulence even in the absence of fibrinogen and clumping again raises questions about the
relative roles of different activities of CIfA for disease outcome (Palmaqyvist et al., 2004a).

The essential role of fibrinogen binding for CIfA activity is apparent in experimental S.
aureus vaccine studies. Many groups found that the ability of anti-CIfA antibodies to inhibit
fibrinogen binding was essential for protection of animals against infection. Antibodies that
bind CIfA without inhibiting its interaction with fibrinogen failed to induce efficient
protection (Hall et al., 2003; Scully et al., 2015; Vernachio et al., 2003). As final evidence,
mice expressing a mutant form of fibrinogen that cannot bind to CIfA and does not promote
clumping have improved survival in sepsis challenge (Flick et al., 2013). Taken together,
animal studies on CIfA indicate that, despite having other important functions, CIfA
increases virulence of S. aureus mainly through fibrinogen binding and bacterial clumping.

Similar to CIfA, the two staphylococcal coagulases, Coa and vWhp, are important for
virulence in diverse infection models. As activities of these two proteins partly overlap, they
are functionally redundant, and the most profound effect on virulence can be observed in
engineered strains lacking both proteins. In this regard, Coa and vWbp were shown to jointly
promote virulence in sepsis, kidney abscesses and skin abscesses (Cheng et al., 2010;
McAdow et al., 2011; Vanassche et al., 2011). Lack of either protein was sufficient to
abrogate skin infection (Loof et al., 2015; Malachowa et al., 2016), and a coa single mutant
was impaired in formation of lung abscesses (Sawai et al., 1997). Surprisingly, no effect was
seen of Coa on endocarditis (Baddour et al., 1994; Moreillon et al., 1995; Stutzmann Meier
et al., 2001), though it might have been merely an example of vWbp compensating for the
lack of Coa. Notably, in mouse abscess models, the coagulases were responsible for
formation of protective layers of fibrin around a central core of bacteria. Coa is associated
with the S. aureus cell surface and is probably responsible for formation of a fibrin shield
directly around the bacterial cells, while vWbp can diffuse away from the surface and
induces fibrin formation closer to the abscess periphery (Guggenberger et al., 2012; Thomer
et al., 2016). There are, however, differences in the relative contributions of Coa and vWhbp
to survival in mouse and human blood (Cheng et al., 2010). The role of coagulases in fibrin
deposition around the infection site in the skin of rabbits, whose coagulation/fibrinolysis
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system is more similar to that of humans, is also not as clear as in mouse models
(Malachowa et al., 2016). Therefore, more studies are needed to determine the degree to
which the role of staphylococcal coagulases in animal models is applicable to human
infections.

3.2 Clumping and immune evasion

Professional phagocytes constitute the most important host defense against S. aureus
infection. Neutrophils are the predominant leukocytes in the blood and they are amongst the
first phagocytes arriving at the infection site, while macrophages appear with a significant
delay (Bremell et al., 1992; Kwiecinski et al., 2014). This sequence of events, combined
with observed aggravated infection severity in mice lacking neutrophils (Molne et al., 2000;
Verdrengh and Tarkowski, 1997), and in humans suffering from neutrophil-related disorders
(Spaan et al., 2013), led some to speculate that neutrophils are the only cell type involved in
the efficient response against staphylococci. However, macrophages are also important for
controlling staphylococcal growth in a mouse model of systemic infection (Merdrengh and
Tarkowski, 2000), and ingestion of bacteria by macrophages and other antigen-presenting
cells is essential for development of subsequent adaptive immunity. Therefore phagocytosis
of staphylococci by all kinds of professional phagocytes is a crucial part of host defenses. S.
aureus has evolved effective immune evasion strategies for these phagocytes, and the process
of clumping is probably one of those strategies. One of the earliest papers describing
clumping /n vivo noticed that staphylococci in this state were protected from immune
attacks. More specifically, neutrophils were approaching the surface of clumps formed in the
peritoneal cavity, but failed to penetrate inside or to ingest any of the bacteria (Kapral,
1966). There are several potential mechanisms explaining the apparent resistance of clumps
to immune attacks.

Phagocytes are capable of ingesting particles of a wide range of sizes, but there is an upper
size limit dictated by the available cell membrane needed to fully engulf the prey (Cannon
and Swanson, 1992; Simon and Schmid-Schonbein, 1988). Therefore phagocytes can ingest
only targets with a total volume smaller or slightly larger than the volume of the phagocyte
itself (Champion and Mitragotri, 2006; Herant et al., 2005). For neutrophils this means that
clumps of several hundred staphylococci might already exceed the upper size limit for
phagocytosis. Interestingly, the presence of phagocytic targets too large for ingestion appears
to decrease global phagocytosis in the infected area, providing bystander protection to
neighboring smaller targets (Okagaki and Nielsen, 2012). Thus the presence of even a
couple of large staphylococcal clumps could improve the survival of neighboring S. aureus
cells. The shape of the phagocytic target also plays a dominant role in susceptibility. The
local curvature at the point of initial contact with the phagocyte’s membrane determines
whether ingestion will occur (Champion and Mitragotri, 2006). Individual round cells,
symmetrical and with a low aspect ratio, provide the optimal angle of contact with the
phagocyte membrane in all orientations. Unlike individual cocci, bacterial clumps are more
likely to develop asymmetric shapes, with non-optimal aspect ratios, requiring re-positioning
of the phagocyte for successful ingestion and delaying the phagocytic process.
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A similar impact of size on phagocytosis has been observed for other microorganisms. Many
fungal pathogens form large cells that evade phagocyte ingestion due to their size, e.g. the
giant cells of Cryptococcus or spherules of Coccidioides (Hung et al., 2007; Okagaki et al.,
2010; Zaragoza et al., 2010). Mycobacterial formation of cords (large, twisted, rope-like cell
aggregates) protects the pathogen from phagocytosis (Bernut et al., 2014). Phagocytes
readily approach the surface of multicellular, flee-floating aggregates of Pseudomonas
aeruginosabut are not able to ingest or penetrate them (Alhede et al., 2011). The effect of
size and shape has been most extensively studied in Escherichia coliand Legionella
pneumaophila, which can form large filaments during infection. These filaments display both
increased size and aspect ratio, and consequentially their phagocytosis by neutrophils and
macrophages is decreased (Horvath et al., 2011; Moller et al., 2012). Even when
phagocytosis occurs, it is delayed, leading to disturbed phagosome maturation and decreased
killing of ingested filaments (Prashar et al., 2013). One can easily imagine a similar process
happening during the slow ingestion of large S. aureus clumps, potentially contributing to
survival of staphylococci after phagocytosis. In situations where microbes resist
phagocytosis, and in cases when successful phagosome formation is not possible,
neutrophils trap pathogens in neutrophil extracellular traps (NETS) (Branzk et al., 2014).
NETs are composed of expelled neutrophil chromosomal DNA and decorated with
bactericidal proteins, and they are expected to entrap the invading pathogen, limiting its
spread and Killing the immobilized bacteria (Spaan et al., 2013). However, S. aureus secretes
a potent nuclease that can cleave the NETs (Berends et al., 2010) and thus circumvent this
host defense mechanism.

There are some mechanisms by which the increased size of clumps can lead to improved
phagocytosis and bacterial killing. First, the larger size of bacterial aggregates increases
deposition of complement on the bacterial surface and allows for a better receptor-ligand
interaction and recognition of pathogen by phagocytes, thus promoting opsonophagocytosis
(Dalia and Weiser, 2011). As S. aureus possess several mechanisms that prevent complement
deposition and activation on its surface (reviewed in (Zipfel and Skerka, 2014)), it is likely
that this pathogen is not affected by the potentially increased complement deposition on
larger clumps. Second, agglutination of bacteria by host antibodies is essential for efficient
pathogen clearance in many diseases (Weiser, 2013; Yang et al., 2016), and when S. aureus
is agglutinated by specific antibodies or pulmonary surfactant proteins it has been shown to
increase phagocytosis (Hartshorn et al., 1998; Varrone et al., 2014). However, these host-
induced agglutinates are relatively small (up to couple dozen cells (Varrone et al., 2014)) and
differ in composition from the clumps induced by fibrinogen binding. Therefore, these
immune-induced agglutinates most likely have different properties than the clumps
discussed in this review, including differences in their ability to promote phagocytic uptake.

Additionally, S. aureus clumps might modulate phagocytosis due to fibrinogen present
between the individual cocci and on the surface, and through the protective layers of fibrin
around the infecting bacteria. Interactions of the immune system with fibrin and fibrinogen
are complex, and in some instances the presence of fibrinogen in infected sites clearly
promotes containment and clearance of invading staphylococci (Ko and Flick, 2016).
However, in most settings S. aureus takes advantage of host fibrinogen and hijacks the
human coagulation system for its own survival. The anti-phagocytic effect of fibrinogen
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bound on the surface of S. aureus has been well established (Higgins et al., 2006; Ko and
Flick, 2016). There are probably several distinct mechanisms responsible for this outcome,
such as shielding opsonins from recognition by immune cells using a fibrinogen layer (Ko
and Flick, 2016), or the recruitment of factor H, which binds directly to fibrinogen and
inhibits complement activation (Horstmann et al., 1992). While in certain experimental
settings the effect of fibrinogen binding and bacterial clumping on phagocytosis seems to be
minimal (Palmquvist et al., 2004b), the protective potential of fibrinogen on staphylococcal
surfaces has been confirmed in most studies (Ko and Flick, 2016). Therefore fibrinogen
likely has a dual function in clumps: both as a mediator of clump formation and as an
important constituent that shields the bacterium from host defenses. In addition to the
protective effect of fibrinogen itself, additional fortification can be conferred by fibrin, the
product of fibrinogen polymerization. Coagulases secreted by S. aureus can induce this
polymerization and cover bacteria with a protective fibrin coat. Fibrin-encased bacteria, in a
biofilm state or free-floating, do not activate immune cells and thus escape phagocytosis
(Kwiecinski et al., 2016; Vanassche et al., 2011). When an /in vitro abscess model was
investigated, two types of fibrin barriers (one closely associated with the bacterial surface,
probably mainly due to Coa activity, the other a more diffuse meshwork of fibers due to
VvWhp) acted as a physical obstacle for incoming neutrophils (Guggenberger et al., 2012). In
animal infection models, formation of this fibrin coat was essential for full virulence (Cheng
etal., 2010; Loof et al., 2015). The ability to form fibrinogen-rich clumps is most likely a
prerequisite for the subsequent coagulation and fibrin-shielding, which further underlines the
importance of clumping for staphylococcal virulence and immune evasion.

3.3 Clumping and antibiotic resistance

One of the major challenges associated with treatment of biofilm infections is their
resistance to antimicrobials (Paharik and Horswill, 2016), and it is possible that S. aureus
clumping may also increase resistance. Fibrin-rich staphylococcal clumps forming in
synovial fluid showed decreased susceptibility to vancomycin and cefazolin, which
disappeared once the clumps were dispersed (Dastgheyb et al., 2015a). The exact
mechanism of this resistance is not known, although the presence of fibrin in biofilm was
previously linked with increased antibiotic resistance (Kwiecinski et al., 2016; Vanassche et
al., 2013). There seems to be a common theme of staphylococci associated with fibrin
becoming resistant to various antimicrobials. This also includes host-produced compounds,
as antibacterial phospholipase A2 had decreased killing activity towards S. aureus inside
clumps (Dominiecki and Weiss, 1999).

4. Anti-clumping mechanisms

4.1 S. aureus escape from clumps

Formation of clumps gives staphylococci a distinctive advantage for survival in the host.
However, as illustrated by the case of fibrin-dependent killing of S. aureus in the peritoneal
cavity (Prasad et al., 2015), in some instances it is beneficial for the pathogen to escape from
clumps, and thus avoid entrapment by the immune system and freely disseminate to other
infection sites. Therefore S. aureus may have evolved mechanisms for leaving clumps and
fibrin aggregates. As already discussed above, expression of capsule or, in some MRSA
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strains, the surface protein Pls can prevent clumping and retain staphylococci in a single-cell
state. Alternatively, the ArIRS-MgrA regulatory axis can switch the entire pattern of surface
protein expression from “clumping” to “free-living/biofilm” type (described in detail above).
Additionally, staphylococci can quickly degrade existing clumps by secretion of
staphylokinase (Sak), and this mechanism will be reviewed below.

Sak is expressed by the majority of human S. aureusisolates, and its gene is encoded on a
prophage (usually the beta-converting phage) (Bokarewa et al., 2006). It is a potent activator
of human plasminogen — a zymogen circulating in blood — into a broad-spectrum,
fibrinolytic protease, plasmin (Fig. 1). Notably, staphylococci bind plasminogen on their cell
surface. And while the activity of plasmin in the bloodstream in the absence of fibrin is
normally controlled by the inhibitor a-2-antiplasmin, this inhibition does not occur with
plasmin bound to the staphylococcal surface (Molkanen et al., 2002). Therefore, by secreting
Sak, S. aureus hijacks the host fibrinolytic system and generates its own, surface-associated,
strong proteolytic activity. The presence of Sak can lead to both cleavage of fibrinogen,
dispersing the clumps, and unraveling the protective fibrin sheath surrounding clumps and
abscesses. Therefore secretion of Sak could lead to dissemination of individual cocci away
from the original clumps and clots. This mechanism is somewhat understudied, in part
because Sak is highly selective for human plasminogen and has very little activity towards
plasminogen in mouse models (Kwiecinski et al., 2016; Okada et al., 2000). Considering
mouse models are the dominant means of assessing S. aureus pathogenesis, the lack of Sak
activity likely leads to a “hyper-coagulative™ phenotype in different types of model
infections, potentially biasing the interpretation. Nevertheless, the use of humanized mouse
models and /n vitro human abscess-like systems allows for validation of the role of Sak, and
in these models Sak activity led to dissemination of individual bacteria from /n vitro fibrin-
coated abscesses (Guggenberger et al., 2012), wider spread of infection inside skin tissues,
spreading from initial injection sites (Peetermans et al., 2014) and detachment of bacteria
from fibrin-rich biofilms (Kwiecinski et al., 2016). While the effect of Sak on clumps was
not examined, externally added plasmin disperses staphylococci agglutinated in synovial
fluid (Dastgheyb et al., 2015a), suggesting S. aureus-secreted Sak should achieve the same
outcome.

4.2 Targeting clumping as therapy

The importance of clumping for S. aureus virulence makes it a promising target for
therapeutic development. Different attempts at inhibiting staphylococcal clumping can be
roughly divided into those using small molecule inhibitors and those relying on
immunotherapies. The most obvious target is regulation of clumping, and several potential
drugs blocking MgrA activity have been identified. One MgrA inhibitor, 5,5-
methylenedisalicylic acid, has been shown to prevent formation of organ abscesses during S.
aureus sepsis (Sun et al., 2011). Some of the a-methylene-y-butyrolactones inhibit both
MgrA and other staphylococcal transcriptional regulators like SarA and SarR, thus
exhibiting potentially powerful, combined antivirulent action (Kunzmann et al., 2014).
Extracts of Sargassum pallidium seaweed and Cinnamomum cassia tree were also shown to
interfere with MgrA, yet the exact active compounds were not identified(Wang et al., 2015).
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Most of the “traditional” anticoagulants cannot prevent S. aureus-induced coagulation, but
this can be achieved with novel drugs of the univalent direct thrombin inhibitor family
(Vanassche et al., 2010), such as dabigatran and argatroban. Their use in animal models
confirmed their efficacy and potential to decrease disease severity, similar to the effect of coa
and vIWbp mutants (Peetermans et al., 2015). Using an /n vitro model, argatroban prevented
formation of fibrin barriers around abscesses (Guggenberger et al., 2012), and in mouse
models dabigatran decreased the severity of skin infections (Vanassche et al., 2011) and
prevented mortality in sepsis (McAdow et al., 2011). However, as these inhibitors are not
selective for staphylococcal coagulases and also prevent the patient’s own coagulation, it is
unclear if they would be safe to use as a treatment approach in all situations.

In addition to small molecule inhibitors, immune-based therapies against coagulases have
received significant attention. Both vaccination and passive transfer of antibodies against
Coa and vWhp protected from lethal sepsis, development of kidney abscesses and
appearance of thromboembolic lesions in tissues (Cheng et al., 2010; McAdow et al., 2011).
As there are many serotypes of coagulases, vaccination against a particular one will provide
poor protection against infection with a S. aureus strain secreting a different serotype. One
attempt to overcome this barrier is to vaccinate with hybrid protein, containing relevant
domains from the most common serotypes (McAdow et al., 2012a). Another approach is to
vaccinate against the non-variable region of Coa, which is the fibrinogen-binding domain
(Thomer et al., 2016). The latter approach has an added advantage of creating antibodies that
would prevent binding of Coa to fibrinogen/fibrin and subsequent formation of a fibrin
shield around the staphylococcal surface (Thomer et al., 2016). Despite promising
performance in infection models, coagulase-targeting vaccines appear to be inefficient in
neutropenic (immunosuppressed) animals, while some other anti-S. aureus vaccines retain
their potency (Rauch et al., 2014). It remains unclear if this is due to lack of coagulation and
clumping in the absence of inflammation, or if it is because an incomplete immune system
cannot deal with individual, un-clumped staphylococci.

Similarly to coagulases, it is possible to vaccinate against the CIfA surface protein.
Numerous reports indicate high efficacy of such vaccines (or ready antibody preparations) in
prevention and treatment of a whole range of infections, including mastitis (Gong et al.,
2010; Tuchscherr et al., 2008), arthritis (Josefsson et al., 2001), necrotic wound infection
(Schennings et al., 2012), endocarditis (Domanski et al., 2005), and sepsis (Josefsson et al.,
2008; McAdow et al., 2011; Scully et al., 2015). Many of the studies revealed that the
essential requirement for antibodies to be efficient is their ability to inhibit binding of
fibrinogen to CIfA (Scully et al., 2015; Vernachio et al., 2003). Efficacy of anti-CIfA
antibodies was highest when they were combined with inhibitors of coagulases, ensuring
complete blockade of clumping and coagulation (McAdow et al., 2011). While some recent
experiments failed to demonstrate as impressive a protective effect of CIfA vaccination as
the earlier studies (Li et al., 2016), CIfA nevertheless remains one of the most promising
targets for vaccination in order to prevent clumping and decrease virulence.
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5. Polysaccharide based aggregation

5.1 Staphylococcal aggregation

Many strains of S. aureusand S. epidermidis are able to form multicellular clusters in the
absence of host factors, which is commonly referred to in the literature as aggregation.
Usually aggregation is due to production of the extracellular polysaccharide poly- A-acetyl-
glucosamine (PNAG), also known as polysaccharide extracellular adhesin (P1A). PIA was
initially identified as a secreted factor important for intercellular adhesion, a necessary step
for the accumulation phase of biofilm formation, subsequent to the initial attachment to a
surface (Heilmann et al., 1996a; Heilmann et al., 1996b; Mack et al., 1994). This
intercellular adhesion can also occur in planktonic cultures, resulting in cellular aggregates
that can be >0.5 mm in diameter (Haaber et al., 2012). In support of this, heterologous
expression of the S. epidermidis PIA producing genes in S. carnosus resulted in pronounced
aggregation in liquid culture (Heilmann et al., 1996b). PIA is composed of linear polymers
of B-1,6-linked N-acetylglucosamine (GIcNAC) residues, though ~15% of these GICNAc
residues are later deacetylated, resulting in a net positive charge (Vuong et al., 2004a). While
most bacterial extracellular polysaccharides have no net charge or are anionic (Limoli et al.,
2015), the positive charge of PIA appears to be essential for its association with the
negatively charged cell surface (Vuong et al., 2004a). Once synthesized, PIA forms a rope-
like network that encases and holds together neighboring cells (Fluckiger et al., 2005;
Haaber et al., 2012; Vuong et al., 2004b). In addition to polysaccharide-based aggregation,
overexpression of certain cell wall anchored proteins can also lead to intercellular adhesion
and aggregation. For example, overexpression of the IgG-binding Protein A can promote
both aggregation and biofilm formation in S. aureus (Merino et al., 2009). Likewise,
overproduction of SasG (Geoghegan et al., 2010a; Kuroda et al., 2008) or surface protein C
(SasC) (Schroeder et al., 2009), a large surface protein of unknown function, results in
bacterial aggregation. However, surface protein-mediated cellular aggregation seems to be
the exception, with most aggregation resulting from polysaccharide production.

The PIA synthesis machinery is encoded by the four-gene icaADBC operon, with a
transcriptional regulator, icaR, located upstream and divergent from /caA (Cramton et al.,
1999; Heilmann et al., 1996b). IcaA and IcaD are integral membrane proteins that
polymerize UDP-GIcNAc to ~20-mer chains, which appear to be further elongated and
perhaps transported across the cell membrane by IcaC (Gerke et al., 1998). IcaB is a
secreted deacetylase that subsequently deacetylates a fraction of the GIcNAc residues
(Vuong et al., 2004a). Regulation of icaADBC expression is complex and varies not only
between Staphylococcal species, but also among individual strains (Cue et al., 2012). This is
reflected in the observation that the degree of aggregation varies from strain to strain, with
one study finding that ~30% of S. aureus strains tested aggregated to some degree in rich
media (Haaber et al., 2016). Conditions that induce icaADBC expression include high
temperature, anaerobiosis, high NaCl concentrations, high glucose levels, ethanol, and
subinhibitory concentrations of some antibiotics (Conlon et al., 2002; Cramton et al., 2001;
Knobloch et al., 2001; Rachid et al., 2000). Intriguingly, there is evidence that PIA
production is increased /n vivo compared to typical laboratory culture conditions (Fluckiger
et al., 2005; McKenney et al., 1999).

Aadv Appl Microbiol. Author manuscript; available in PMC 2017 August 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Crosby et al. Page 16

5.2 Role of aggregates in infection

The significance of polysaccharide-based aggregation in staphylococcal infections is largely
unexplored. This is due in part to inconsistencies in terminology, where aggregates and
biofilms are sometimes referred to interchangeably. In an infection setting, it may be more
accurate to consider polysaccharide-based aggregates and biofilms as different phases of the
same process, with aggregates seeding biofilms, and biofilms dispersing into free-floating
aggregates (Kragh et al., 2016; Melaugh et al., 2016). Several studies have focused on the
contribution of PIA to biofilm formation, where there is a great deal of heterogeneity
between strains and infection sites. There are examples where the /caADBC locus is
required for biofilm formation /n vivo (Lin et al., 2015; Vuong et al., 2004a), as well as cases
where the biofilm matrix appears to be predominantly composed of protein and DNA, and
PIA production is dispensable for virulence (Beenken et al., 2004; Schaeffer et al., 2015;
\ergara-Irigaray et al., 2009). One of the main advantages of biofilm formation is enhanced
tolerance of some antibiotics, with S. aureus exhibiting 100-1000 fold higher MICs (Ceri et
al., 1999). Likewise, S. aureus aggregates are better able to tolerate antibiotic treatment than
planktonic cells, suggesting that aggregation does provide a degree of protection (Haaber et
al., 2012). It is possible that aggregation also confers enhanced protection from
phagocytosis, similar to what has been postulated for clumping. Production of PIA appears
to be dispensable for renal abscess formation (Cheng et al., 2009), suggesting that
fibrinogen-based clumping is more important in this type of infection.

6. Conclusions

S. aureus has evolved to interact with multiple components of the coagulation cascade,
allowing it to take advantage of a system that is normally part of the host defense against
bacterial pathogens. For example, fibrin clots form at breaches in the skin in part to trap
invading bacteria and prevent their dissemination throughout the body (Ko and Flick, 2016).
S. aureus, on the other hand, secretes its own coagulases, which allow it to use the host’s
resources to build a fibrin shield around abscess communities, protecting the bacteria from
infiltrating neutrophils (Cheng et al., 2011). In addition to catalyzing the deposition of a
fibrin wall, S. aureus also possesses multiple cell wall anchored and secreted fibrinogen-
binding proteins. Among the MSCRAMMSs, CIfA appears to play the largest role in
fibrinogen binding. It facilitates adhesion to fibrin coated surfaces and platelets, and also
promotes clumping between staphylococcal cells. From a clinical standpoint, clumping is a
defining characteristic of S. aureus, although a few of the more virulent coagulase negative
staphylococci, like S. lugdunensis, can also clump. Formation of large clumps of cells in the
presence of fibrinogen is likely a defensive strategy against phagocytosis, although it may
also confer increased resistance to antibiotics. Intriguingly, there is evidence that clumping
also promotes activation of the quorum sensing system, hastening production of virulence
factors (Rothfork et al., 2003).

We propose that fibrin(ogen)-mediated clumping and agglutination are distinct from biofilm
formation, and should be considered as different processes. At the molecular level, clumping
relies on interaction with a host plasma protein, rather than bacterial production of
extracellular matrix material such as polysaccharide or eDNA. While biofilm formation
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requires particular environmental conditions and a concerted effort on the part of the
bacterial cells, the ability to clump is a “default state” for S. aureus, since clumping factors
are expressed by nearly all strains at all phases of growth. Yet it is possible to inhibit
clumping, typically through expression of other large surface proteins that interfere with
fibrinogen binding. Interestingly, the ArIRS/MgrA regulatory cascade affects clumping and
biofilm formation in opposite directions (Fig. 4). Mutants lacking these regulators fail to
clump, but are hyper-biofilm formers (Crosby et al., 2016). From an infection standpoint, it
seems likely that biofilm formation and clumping have distinct niches, although there is
likely overlap. Biofilms are most commonly associated with infections of artificial joints and
indwelling devices. These artificial surfaces are quickly coated with host proteins (Francois
et al., 2000; Vaudaux et al., 1993), and binding to these matrix proteins is crucial for both
biofilm formation and clumping. Once established, surface-attached biofilms often occur as
large lawns of cells, many of which are metabolically inactive. Clumping, on the other hand,
may be more relevant for establishment of abscesses, heart valve vegetations in infective
endocarditis, osteomyelitis, and chronic wound infections. These infections often involve
compact groups of bacterial cells in a milieu of host matrix proteins, with the bacteria
harnessing these host proteins to protect themselves from phagocytosis.

Although we have known for over a century that S. aureus can coagulate blood and form
large clumps in the presence of fibrinogen, it has been less clear how these traits promote
virulence. The fact that expression of coagulases and clumping factors is nearly universal
among clinical isolates suggests that they are important for pathogenesis. There is growing
evidence that coagulation and clumping promote abscess formation (Cheng et al., 2010;
McAdow et al., 2011), and that clumping plays a role in endocarditis (Moreillon et al., 1995;
Walker et al., 2013). Future work may shed light on the role of clumping and agglutination
in other infection types, such as bacteremia, chronic wound infections, osteomyelitis, and
septic arthritis. It is possible that S. aureus takes advantage of additional host matrix material
to form protective structures in other body sites, such as in bone tissue and synovial fluid.
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Fig. 1.

Fibrin fragments

A simplified schematic of the coagulation cascade that mediates fibrin clot formation. S.
aureus coagulases Coa and vWhp, and staphylokinase Sak are shown in blue. Inset shows a
representation of fibrinogen adapted from (Hassouna, 2009). Each molecule is composed of
two copies each of the Aa-, BB-, and y-chains, with their N-terminal ends interfacing at the
center of the dimer. N- and C-terminal ends of the polypeptides are indicated for the left half
of the molecule, and arrowheads point to thrombin cleavage sites.
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Fig. 2.
Images of S. aureus clumps. Washed cells of USA300 strain LAC were incubated with 18.5

pg/ml human fibrinogen and imaged using scanning electron microscopy (A, B, D) or
confocal laser scanning microscopy (C). In panel C the cells were expressing DsRed from a
plasmid. Scale bars represent 5 um (A), 0.5 um (B), 10 uM (C), and 0.5 um (D).
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Fig. 3.

M%CRAMM domain organization and interactions with fibrinogen. (A) Representatives of
the three known types of fibrinogen-binding MSCRAMMSs. The A region, consisting of the
N1, N2, and N3 subdomains, is conserved and responsible for fibrinogen binding. The
repeat region is variable, with CIfA and Bbp having a series of serine-aspartate dipeptide
repeats, while FnBPA contains tandem repeats of a fibronectin-binding domain. Bbp also
has three B repeats between the A region and SD repeat region. All of them have a secretion
signal at their N-termini and a cell wall anchoring LPXTG sortase signal at their C-termini.
S. aureus CIfB and S. lugdunensis Fbl are similar to CIfA, S. aureus SArE and S. epidermidis
SdrG are similar to Bbp (although the number of B repeats is variable), and FnBPA and
FnBPB share similar domain architectures. (B) Schematic of fibrinogen, showing where
each MSCRAMM binds. Figure is adapted from (Ko and Flick, 2016).
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Regulation of clumping and biofilm formation by the ArIRS/MgrA regulatory cascade. (A)
In response to an unknown signal, the ArIRS two-component system activates expression of
the DNA binding protein MgrA. MgrA affects expression of many genes, and among these it
represses production of the large surface proteins Ebh, SraP, and SasG. In the absence of
these surface proteins CIfA can interact with fibrinogen, allowing clumping to occur. (B)
When the ArIRS/MgrA cascade is interrupted, expression of Ebh, SraP, and SasG is high.
These proteins interfere with clumping of planktonic cells, and SasG promotes biofilm
formation of surface attached cells. Figure reproduced from (Crosby et al., 2016).

Adv Appl Microbiol. Author manuscript; available in PMC 2017 August 04.



	Abstract
	1. Introduction
	2. Fibrinogen/fibrin mediated clumping
	2.1 S. aureus interactions with the coagulation cascade
	2.2 Staphylococcal clumping factors
	2.3 Other fibrinogen-binding surface proteins in S. aureus
	2.4 Secreted fibrinogen-binding proteins in S. aureus
	2.5 Clumping in synovial fluid
	2.6 Regulation of clumping

	3. Role of clumping/agglutination in disease
	3.1 Involvement of clumping in disease models
	3.2 Clumping and immune evasion
	3.3 Clumping and antibiotic resistance

	4. Anti-clumping mechanisms
	4.1 S. aureus escape from clumps
	4.2 Targeting clumping as therapy

	5. Polysaccharide based aggregation
	5.1 Staphylococcal aggregation
	5.2 Role of aggregates in infection

	6. Conclusions
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4

