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Streptococci are a broad group of Gram-positive bacteria. This genus
includes various human pathogens causing significant morbidity and mortality. Two of the most important human pathogens are Streptococcus pneumoniae (pneumococcus) and Streptococcus pyogenes (group A streptococcus or
GAS). Streptococcal pathogens have evolved to express virulence factors that
enable them to evade complement-mediated attack. These include factor Hbinding M (S. pyogenes) and pneumococcal surface protein C (PspC)
(S. pneumoniae) proteins. In addition, S. pyogenes and S. pneumoniae
express cytolysins (streptolysin and pneumolysin), which are able to destroy
host cells. Sometimes, the interplay between streptococci, the complement,
and antistreptococcal immunity may lead to an excessive inflammatory
response or autoimmune disease. Understanding the fundamental role of the
complement system in microbial clearance and the bacterial escape mechanisms is of paramount importance for understanding microbial virulence, in
general, and, the conversion of commensals to pathogens, more specifically.
Such insights may help to identify novel antibiotic and vaccine targets in bacterial pathogens to counter their growing resistance to commonly used antibiotics.
Keywords: autoreactivity; immune evasion; innate immunity

Streptococci constitute a wide group of bacteria that
includes about 50 bacterial species, of which several
are part of the normal human microbiota [1]. The
Streptococcus genus includes various human pathogens, which are responsible for a significant number
of morbidity and mortality. From this genus,

Streptococcus pneumoniae or pneumococcus and Streptococcus pyogenes, widely termed group A streptococcus (GAS), are the most important and common
pathogens responsible for infections in the respiratory
tract, severe invasive infections, and mortality worldwide.
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Streptococcus pyogenes is a common cause of bacterial tonsillitis and erysipelas. Tonsillitis can also be
caused by group G (GGS) or C streptococci (GCS)
[2]. Streptococcus pyogenes is, however, considered to
be the clinically most important pathogen in pharyngeal tonsillitis, due to both the high number of cases
and important postinfectious sequelae such as poststreptococcal glomerulonephritis and acute rheumatic
fever [3]. Additional diseases caused by S. pyogenes
include wound infections, abscesses (often together
with staphylococci), sepsis, and necrotizing fasciitis.
Susceptibility to streptococcal infections has also been
suggested to have a genetic component, due to the
high recurrence rate and occasional familial occurrence
[4]. Importantly, several reports have shown that
S. pyogenes infections can cause exacerbation of
autoimmune diseases, such as chronic plaque psoriasis
and acute guttate psoriasis [5,6].
The majority of beta-hemolytic streptococci can be
differentiated from each other by Lancefield’s serotyping that is based on the difference in the type-specific
carbohydrate exposed on the cell surface [7]. The
S. pyogenes group is divided into over 200 different
emm types due to the high sequence variability on the
main surface protein called the M protein. The M protein is an important virulence factor of S. pyogenes as
it is needed for bacterial adhesion and invasion. It is
also required for resistance to complement attack and
phagocytosis [8,9]. M protein is composed of two
alpha-helical polypeptide chains bundled together as a
coiled coil-type structure. The M protein is attached to
the bacterial cell wall and traverses the capsule, being
thereby exposed on the surface of the capsule.
Sequencing of the outermost N-terminal hypervariable
region of the M protein is now widely used to separate
the different emm types from each other [10,11]. This
is important, because some of these emm types have
shown significant associations with the pathogenicity
of the bacterium, although clustering of certain emm
types to specific symptoms or diseases has been found
only in some invasive or superficial infections. Some
emm types show association with particular disease
manifestations, such as acute rheumatic fever, acute
poststreptococcal glomerulonephritis, and puerperal
sepsis [12]. Given that these associations do not clearly
correlate with the severity of the infection, more
knowledge about the microbial markers that determine
the disease associations, tissue specificities, and
pathogenicity is required [13]. Streptococcus pyogenes
peptidoglycan layer is surrounded by a capsule composed of hyaluronic acid (N-acetylglucosamine and
glucuronic acid), which is poorly immunogenic in
humans [14].

Streptococci and complement

Streptococcus pneumoniae expresses pneumococcal
autolysin, LytA, that cleaves the lactyl-amide bond
that links the stem peptides and the glycan strands of
the peptidoglycan, resulting in hydrolysis of the cell
wall. The autolysis process is a controlled cell suicide
process that will benefit the bacterial community in
response to antibiotic treatment [15,16]. The polysaccharide capsule of pneumococci is the major virulence
factor mediating immune escape, such as the ability to
avoid recognition by antibodies targeting surface-exposed antigens. This feature is an intrinsic property
displayed by encapsulated strains of S. pneumoniae,
which makes them more virulent in comparison with
nonencapsulated strains. The serotype specificity of
pneumococcus is due to the high variability of the
polysaccharide structure. At least 97 pneumococcal
serotypes have been identified to date [17]. Streptococcus pneumoniae is a major cause of morbidity and
mortality worldwide. It typically causes diseases such
as otitis media, pneumonia, sinusitis, sepsis, and
meningitis [18]. It is the most common cause of hospitalization in adults and one of the most common
microbes causing severe bloodstream infections [19].
The important inflammatory marker, C-reactive protein (CRP), has been named due to its ability to bind
to pneumococcal C-polysaccharide (now better known
as phosphorylcholine) moieties on the pneumococcal
surface. CRP can initiate the classical pathway of complement and thus significantly reduce pneumococcal
colonization [20,21]. However, the capsule inhibits
CRP binding to the pneumococcal surface, thereby
inhibiting complement activation by encapsulated
strains [22]. The role of CRP as an opsonin is currently doubtful.
A common feature among S. pyogenes and S. pneumoniae is their ability to escape innate immune attack
by various mechanisms. They both have several similar
virulence factors, such as pore-forming toxins (pneumolysin, streptolysin O, or SLO) that lyse red blood
cells and bind the released Hb to secure a source of
iron [23,24]. However, either pathogen also has unique
mechanisms to interact with complement molecules.
Some of these interactions lead to complement evasion, while some may trigger inflammation.
In this review, we will describe ways whereby
S. pyogenes and S. pneumoniae can evade complementmediated clearance. Collectively, these mechanisms
constitute an important virulence armamentarium for
the bacteria. Understanding both the fundamental role
of the complement in microbial clearance and the bacterial escape mechanisms is of paramount importance
in understanding microbial virulence in general and
the conversion of commensals to pathogens more
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specifically. This is particularly important because bacteria are increasingly developing resistance to antibiotics.

The role of complement in fighting
bacterial infections
The complement system is a core part of the immune
system. It is in charge of direct clearance of microbes
and acts as an important link between innate and
acquired immunity by regulating B-cell and T-cell
responses [25,26]. The complement system comprises a
large number of circulating proteins that become activated in a cascade manner through three distinct pathways. These pathways are triggered by different
initiating proteins that, in the end, will converge to
produce C3 convertase enzymes (Fig. 1).
The classical pathway of the complement system is
initiated by immunoglobulin antibodies among which
IgM is the most potent complement activator [27].
Recognition of bacterial antigens by antibodies results
in the binding of C1 complex to the Fc parts of antibodies. The C1 complex consists of C1q and pro-enzymatic serine proteases C1r and C1s, which are
activated when the C1 complex binds to the target surface [28]. Activation of the proteolytic cascade leads to
the formation of the C4bC2a convertase cleaving C3
and leading to consequent deposition of C3b. However, as a first-line defense, the classical pathway can
be initiated even in an antibody-independent fashion
through direct binding of C1q to bacteria.
The lectin pathway is initiated by mannose-binding
lectin (MBL) or other so-called collectins, such as CL11, and ficolins binding to capsular polysaccharides
rich in carbohydrate targets, phosphorylcholine, and
acetylated molecules. Some of these exist on the

bacterial cell wall [29]. These molecules are associated
with MASP (MBL-associated protease) enzymes that
are structurally homologous to C1r and C1s. MASPs
are able to cleave C4 and C2, to form the same C3
convertase as in the classical pathway. The role of the
lectin pathway against streptococci has been debated.
There are conflicting results about MBL binding to
pneumococci and about the link between MBL deficiency and increased susceptibility to pneumococcal
infections [30].
The alternative pathway can be initiated by classical
or lectin pathway activation but also through spontaneous hydrolysis of C3 and deposition of C3b directly
on the bacterial surface. The hydrolyzed C3 is able to
bind factor B and thereby expose it to cleavage by factor D. The formed C3(H20)Bb complex cleaves fluid
phase C3 to C3a and C3b where the formed C3b can
then target the surface by covalent attachment. Both
the soluble and fluid phase-associated C3bBb enzymes
are able to amplify alternative pathway activation by
cleaving new C3 molecules [31].
All the three activation pathways lead to the formation of lytic pores called membrane attack complexes
(MACs) on the target membrane. They are composed
of C5b, C6, C7, C8, and C9 proteins. When C5 convertases cleave C5 into C5a and C5b, the larger C5b
fragment gets stabilized by a quick conjugation with
C6. Once C7 joins C5bC6, the complex becomes lipophilic and inserts into the plasma membrane. The
addition of C8 and several C9 molecules will complete
MAC formation [31].
Complement regulation is crucial in preventing complement attack against host cells and in limiting local
inflammation [31]. Thus, complement activity is directed toward invading microbes. In the complement cascade, the importance of alternative pathway cannot be

Fig. 1. Complement activation pathways. The complement system can be activated through three pathways, where complement proteins
interact with each other in sequence leading to C3b opsonization, release of chemotactic and anaphylatoxic fragments (mainly C5a), and
formation of the membrane attack complex (MAC).
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overstated. Particularly important is the amplification
loop that rapidly opsonizes the target with a large density of C3b molecules [32]. Factor H is the main fluid
phase complement regulator of the alternative pathway. It inhibits complement activity at the level of
C3b by inhibiting binding of factor B to C3b, acting
as the cofactor for factor I-mediated cleavage of C3b
and by accelerating the decay of the alternative pathway C3bBb convertase [33]. C4bp acts as a fluid phase
regulator of the classical pathway by binding to C4b
[34]. The soluble complement inhibitors play an important role in microbial pathogenesis, as well. The virulence of many highly pathogenic bacteria is related to
their ability to recruit complement regulators to their
surfaces.
The pro-inflammatory function of complement is
based on the formation of small fragments, C3a and
C5a that are released into the fluid phase. From these,
especially C5a is a potent anaphylatoxin that interacts
with its specific receptors, C5aR1 and C5aR2, on cell
surfaces [31]. Because of the strong pro-inflammatory
activity of C5a via C5aR1, therapeutic inventions to
control complement-mediated inflammation have
recently focused on blocking antibodies against C5a or
C5aR as tools for the treatment of severe inflammatory conditions. These include, for example, bacterial
sepsis [35]. Interestingly, some microbial cytolysins
have been shown to interact with C5aR1 and thus suggested to have a role in amplifying hyperinflammatory
reactions during microbial infections [36].

Streptococci and complement

Direct lysis vs. opsonophagocytosis
Once bacteria manage to penetrate the physical barriers of the body, the complement system participates in
first line of defense in blood, tissues, and body fluids
and promotes their rapid elimination. Because of
structural differences between Gram-negative and
Gram-positive bacteria, they are killed either through
complement-mediated opsonophagocytosis or directly
by pore formation (Fig. 2). In general, unless the bacteria have specific means to prevent complement killing, both Gram-positive and Gram-negative bacteria
are susceptible to elimination by opsonophagocytosis,
but the membrane attack complex can kill mainly only
Gram-negative bacteria. This is because Gram-negative
bacteria are surrounded by a lipopolysaccharide
(LPS)-containing outer membrane, where the membrane attack complex can become assembled. The thin
(few nanometers) periplasmic peptidoglycan layer is
located between the inner and outer plasma membranes. The LPS of the outer plasma membrane of
Gram-negative bacteria, also called endotoxin, is a
strong inflammation-inducing molecule that alerts the
human immune system [37].
Membrane attack complex pores are toroid-shaped.
C8 and C9 have alpha-helical segments that transform
into b-hairpins when inserting into the target plasma
membrane. Their transmembrane region thickness is
less than 10 nm, only enough to span one phospholipid bilayer or the outer membrane of Gram-negative

Fig. 2. Complement attack in Gramnegative and Gram-positive bacteria.
Complement exploits specific structural
features of bacteria to eliminate different
types of microbes. Gram-negative bacteria
are targeted both by C3b and by MAC.
Gram-positive bacteria are opsonized and
phagocytosed because the thick
peptidoglycan layer does not allow
penetration of MAC components. The
model for MAC is taken from Ref. [38].
OM, outer membrane; IM, inner
membrane; PG, peptidoglycan.
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bacteria. Therefore, it is still somewhat unclear how
MAC complexes damage Gram-negative bacteria after
pore formation on the outer membrane. For steric reasons, the MAC does not have access to the membranes
of Gram-positive bacteria [38,39].
It was recently shown that in the process of MAC
formation, binding of C5 convertases to bacterial surface and in situ cleavage of C5 and rapid insertion of
C5b-7 are necessary to allow MAC to disrupt both
membranes, and at the same time be cytolytically
active against Gram-negative bacteria. In contrast,
when MAC was assembled from its purified components (using preassembled C5bC6 as a priming complex), it only disrupted the outer membrane of Gramnegative bacteria and lacked bactericidal activity even
in excess concentrations [40]. These data suggest that
MAC formation per se is not enough to be bactericidal even for Gram-negative bacteria. The disruption of
the inner Gram-negative bacterial membrane is C9-driven, and C9 insertion depends on the local generation
of the C5bC6 complex in the presence of C5 convertases. However, it has been shown that patients with
complement alternative or terminal pathway defects or
patients that have been treated with eculizumab, a
drug inhibiting C5 activation, are at increased risk for
recurrent neisserial infections (Neisseria meningitidis or
N. gonorrhoeae). This indicates the importance of
MAC formation in the elimination of these Gram-negative bacteria. Importantly, host cells are protected
from MAC lysis by CD59, a glycophosphoinositol
(GPI-)-anchored regulator that inhibits C9 insertion
and polymerization into membranes [41,42].
If lysis of Gram-negative bacteria by MAC occurs,
it is very efficient and usually takes only minutes.
Another, and in general the most important, antibacterial mechanism enabled by the complement system is
opsonization by C3b/iC3b (and to a lesser extent by
C1q and C4b). Opsonization triggers phagocytosis and
intracellular killing by phagocytic cells (Fig. 1). This
process is slower, taking 30 min to one hour [28]. In
addition to the thick (30–100 nm) peptidoglycan layer
and various surface molecules, such as teichoic and
lipoteichoic acids spanning through the peptidoglycan
envelope, many pathogenic bacteria have a polysaccharide capsule that makes them even harder targets for
complement attack. Streptococci that possess capsule
include S. agalactiae (group B streptococcus), S. pneumoniae, and some strains of S. pyogenes (group A
streptococcus). Of these, the capsule of S. pneumoniae
can reach a thickness of 175 nm in some serotypes
[43,44]. The level of encapsulation is strain- and condition-dependent. For example, highly encapsulated or
mucoid strains of S. pyogenes are of the M18 and
2574

M24 types that can efficiently resist phagocytosis and
have an increased virulence [45].

Streptococci counteracting the
complement system
In general, the opsonic and pro-inflammatory functions of the complement system are all required for
successful protection against bacterial infections, and
all the three pathways of the human complement system play a role in the defense against these microbes
[46]. The importance of the classical pathway in the
initial (innate) immune response against streptococci
has been elucidated. Antibody-mediated classical pathway activation is very important in defense against
pneumococci, as evidenced by the high rate of pneumococcal infections in patients with antibody deficiencies [47]. In particular, it has been shown that the
initial amount of C3b binding to bacteria depends
mainly on the classical pathway, whereas the density
of C3b depends on the amplification loop of the alternative pathway [32]. With regard to all the efficient
innate and adaptive immune defense mechanisms, it is
remarkable that pneumococci and S. pyogenes bacteria
are invasive and can cause many different types of
infections. This indicates that the bacteria must have
an array of escape mechanisms and survival strategies
in the human body. These include the capsules, surface
proteins, and secreted factors. In the following, we will
dissect and discuss them each individually. A summary
is provided in Table 1.
Complement evasion by streptococci
The streptococcal pathogens S. pneumoniae and
S. pyogenes express various molecules that can interact
with the complement system to avoid opsonization,
and in some cases, sequester or degrade complement
components. The pneumococcal capsule is a heavily
glycosylated structure that fully covers the bacterium.
Only during division, leaks in the capsular protection
may occur. The capsule contributes to the anticomplement activity of S. pneumoniae by three means: (i) by
sterically interfering with complement, antibody, and
acute-phase protein deposition (C3, IgM, IgG, CRP),
(ii) making already bound opsonins inaccessible to
their receptors on phagocytes, and (iii) inhibiting
degradation of C3b into iC3b (impact on CR3-mediated clearance by phagocytic cells) [22,48]. The highly
variable capsular polysaccharide composition among
serotypes is reflected by the variable resistance to antibody binding. The differences in C3b binding to different capsule types also influence the sensitivity to
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Table 1. Streptococcal interactions with the immune system
Protein

Function

Protein

Capsule
PspA
PspC
Ply

Prevents complement activation. Inhibits opsonization by C3b and iC3b, IgM and IgG, and CRP
Binds C4bp and inhibits CRP deposition and C3b formation.
Binds factor H, C4bp, and vitronectin, to inhibit complement activation
Activation of the classical complement pathway via C1q binding and IgG binding, and interacts with
TLR4
Removal of sialic acids and involved in pneumococcal HUS?
Inhibits CRP binding to C1q and reduces complement deposition
Binds plasminogen
Binds factor H, FHL-1, and FHR-1
Binds to CR3 and promotes adhesion and invasion to macrophages
Binds factor H via domain 7, C4bp and to CD46, poststreptococcal glomerulonephritis, sequence
similarity with keratin expressed in psoriasis skin lesions and myosin in heart muscle.
Binds to C5b-8
Inhibits C1q
Degrades IgG, endopeptidase for IgG, modulates inflammation, and facilitates pathogen spreading
Degrades IgG
Degrades IgG
Cleaves C4, C2, and C1inh. Inhibits complement amplification loop by degrading properdin. Degrades
C3 and C3b.
Superantigens. Bind to MHC class II-bearing cells and activate T cells. Result in excessive
inflammation
Hyperinflammatory and T-cell proliferative superantigen?

[22]
[113]
[67,72]
[114–117]

NanA
LytA
Eno
Tuf
Rr
M protein
SIC
PepO
IdeS
Mac-2
EndoS
SpeB
Spe, SmeZ,
SSA
Soluble M1

complement-mediated opsonophagocytosis [49]. Resistance to complement-mediated clearance can vary with
the capsular serotype independently of antibody or
genetic differences between strains [50]. In S. pyogenes,
the capsule is composed of hyaluronic acid, a structure
found in, for example, the human extracellular matrix.
This type of anionic capsule reduces C3b opsonization
both directly and by binding host molecules. The
mimicry to the human hyaluronic acids and the negative charge are thought to be the main features that
allow S. pyogenes to evade recognition by the complement system [3].
Immunoglobulin and C5a-degrading enzymes are a
set of proteins expressed by some pathogenic bacteria.
They can cleave extracellular Ig as well as the major
anaphylatoxin C5a. Immunoglobulins play a key role
in direct and complement-mediated opsonization,
while C5a is a strong chemoattractant and anaphylatoxin released from C5 by the C5 convertase enzymes.
C5a is involved in the recruitment of inflammatory
cells to the site of complement activation and inflammation. Streptococcus pyogenes can interfere with
opsonophagocytosis via secreted cysteine proteases
IdeS (also known as Mac-1 or MspA) [51], SpeB, and
endoglycosidase EndoS [52] that all can cleave IgG
bound to the bacterial surface. Streptococcus pyogenes
also interferes with Ig-mediated opsonization by binding IgG and/or IgA through the Fc part of the antibodies via M proteins (Sir, Arp, Mrp) [53]. By

[97,118]
[62]
[119]
[63]
[84]
[12,59,98,99,120,121]
[122]
[82]
[51,123]
[124]
[125]
[126,127]
[90,91]
[128]

expressing the surface-associated C5a peptidase,
S. pyogenes can inactivate complement-mediated
chemotactic activity [54,55]. Two papers dating back
to 1979 and 1984 from Kilian et al. and Wikstr€
om
et al., respectively, described that also several S. pneumoniae strains are capable of degrading human
immunoglobulins [56,57]. However, there is no recent
evidence showing expression of Ig-degrading enzymes
or C5a peptidase similarly as for S. pyogenes.
Macrophages and neutrophils recognize opsonized
bacteria by C3b (CR1/CD35) and iC3b (CR3 or
CD11b/CD18, CR4 or CD11c/CD18) receptors. These
interactions lead to internalization of microbes into
phagolysosomes, where bacteria are lysed by oxidative
radicals and enzyme hydrolysis. Macrophages and dendritic cells can express peptide antigens on their cell
surfaces within the major histocompatibility complex
(MHC) molecules for further activation of the immune
response. Streptococcus pyogenes secretes the Mac protein, which mimics the a-subunit of the human integrin-type complement receptor 3 (CR3). Streptococcal
Mac can thus inhibit phagocytosis by polymorphonuclear leukocytes [58].
Acquisition of soluble complement regulators
In 1988, Horstmann et al. described for the first time
that S. pyogenes selectively binds factor H and by this
way evades complement-mediated opsonophagocytosis
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[59]. This finding resulted in extensive research around
this new microbial immune evasion strategy and led to
the discovery of a phenomenon that can almost be
used to distinguish nonpathogenic bacteria from
pathogenic ones [60]. Pathogenic bacteria have two
main strategies to bind factor H. They can mimic selfcell surface structures, such as terminal sialic acids by
Neisseria gonorrhoeae, or they can express specific factor
H-binding
proteins.
Streptococcus pyogenes
expresses three different receptors for factor H that
together with the hyaluronic acid capsule constitute
the main strategy to resist opsonophagocytosis
(Fig. 3). The first is the streptococcal M protein that
also binds factor H-like protein 1 (FHL-1) and factor
H-related protein 1 (FHR-1), the second is a 44.5-kDa
streptococcal collagen-like protein (Scl1), while the
third one is streptococcal FbaA (fibronectin-binding
protein). Interestingly, M protein binds to factor H
domains 6–7, while Scl1 and FbaA interact with the
C-terminal domains 18–20 of factor H. Importantly,
binding of factor H by S. pyogenes is emm type-specific indicating that the variability in M protein dictates
whether the strain binds factor H or not [9].
Also, S. pneumoniae expresses three factor H-binding molecules: PspC, LytA, and elongating factor Tu
(Tuf) [61–63]. The PspC family proteins are multifunctional surface-anchored proteins with strong anticomplement and adhesive functions. While the C terminus
is attached to the bacterial surface, the N-terminal
domain is alpha-helical and exposed outwards from
the surface. PspC proteins have a flexible hinge-like
region, which is rich in proline. It has been suggested
that the localization on the surface is very important.
Thus, Pspc1 and Pspc2 together are responsible for
strong invasiveness. Polar Pspc2 is present in areas,
where the capsule is thin. There it can resist C3b deposition and complement attack [64–67]. The binding of
factor H to PspC occurs via two contact sites located
in domains 8–11 and 19–20 [68]. It has been suggested
that the strong binding of factor H by PspC may
expose and enhance the binding of the C-terminal part
of factor H to C3b. Binding affinity of C3b to PspC
bound factor H increases thus twofold, while the decay
rate of the C3bBb convertase via the recruited factor
H increases about fivefold by this interaction [69]. A
possible role for PspC as an adhesion molecule is also
worth mentioning here. PspC has been reported to
bind to factor H as a means to enhance interaction
with host cells [70]. The ability to adhere to host cells
is an important step in pneumococcal pathogenesis
and a necessary step for successful colonization. The
role of LytA in pneumococcal complement evasion has
been recently elucidated. It has been shown that LytA
2576

exhibits affinity for binding to factor H, thereby suppressing complement activation on the bacterial surface. The importance of LytA binding to factor H is
highlighted by the fact that in pspC/LytA double
mutants, the binding of factor H is strongly impaired
[62]. The elongation factor Tu (Tuf protein) is a protein that, besides having a role in translation, has been
suggested to bind human factor H, FHL-1, and FHR1 [63].
C4b-binding protein (C4bp) is a multimeric plasma
glycoprotein of ~ 500 kDa and the main complement
regulator of the classical and lectin pathways. When
recruited to the bacterial surface, C4bp can perform its
complement inhibitory functions. It prevents the
assembly of the C3 convertase (C4b2a) and promotes
the decay of C4b2a (the dissociation of C2a from C4b)
[34,71]. Streptococcus pneumoniae expresses many proteins involved in the acquisition of C4bp, and several
of them have additional functions. C4bp binding to
PspC, PspA, LytA, and PepO (Pneumococcal
endopeptidase O) has been demonstrated. Pneumococcal surface-bound C4bp retains its cofactor activity for
factor I-mediated cleavage of C4b [72,73]. The role of
LytA in complement evasion has only been recently
elucidated. Ramos-Sevillano et al. showed that pneumococcal strains lacking LytA are more sensitive to
complement-mediated opsonophagocytosis than the
wild-type strains suggesting that the degree of C4bpbinding is an important determinant for successful
immune escape [62]. The third suggested pneumococcal
protein to bind C4bp is a surface-exposed enolase.
This highly conserved glycolytic enzyme was shown to
bind to domains 1-2 and 8 of the C4bp alpha-chain
and thus downregulate bacterial complement opsonization [74]. Also, S. pyogenes has been shown to resist
the opsonophagocytic activity by binding to C4bp. As
for factor H, binding of C4bp to S. pyogenes seems to
be emm type-specific. This interaction most likely
occurs to the conserved regions in the hypervariable
regions of the M protein [9,75,76].
Plasminogen is a circulating 92-kDa zymogen that is
primarily synthesized by hepatocytes in the liver. In
the circulation, plasminogen is converted by tissue
plasminogen activator to its proteolytically active
enzyme, plasmin. Plasminogen can influence complement activities as it may activate C3 to C3b and cleave
iC3b yielding C3dg-like molecules [77]. The surface-exposed pneumococcal proteins that can recruit plasminogen are GAPDH (glyceraldehyde 3-phosphate
dehydrogenase), PGK (phosphoglycerate kinase), and
elongation factor Tu (Tuf) [78]. These proteins have
moonlighting functions, as besides having a glycolytic
function GAPDH and PGK may recruit plasminogen
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Fig. 3. Modification of factor H binding by streptococci. Schematic illustration of the putative mechanisms how microbial infections modify
factor H binding. (A, left) Simultaneous binding of factor H to cell surface sialic acids and C3b is crucial for factor H-mediated complement
regulation on human cells. (A, right) S. pneumoniae NanA cleaves cell surface sialic acids and thereby reduces the binding of factor H. This
sensitizes cells to complement attack leading to inflammation. (B) S. pyogenes M protein binds factor H via domain 7, which reduces
amplification, complement activation, C3b-mediated opsonization, and phagocytosis of the bacterium. C3b model is from the crystal
structure 5FO7 from the protein database PDB (Jsmol, Java viewer).

to the bacterial surface. When recruited, plasminogen
binds C3 and its cleavage products C3b and C3dg as
well as C5. Plasminogen and factor H bind C3b at
two different sites. Thus, they do not compete for the
binding. The bacteria that sequester plasminogen can
thereby enhance factor I-mediated degradation of C3b,
providing additional means to evade complement
attack.
Binding of C1q
The initiating serum component of the classical pathway
is the C1 complex. C1q binds to both S. pyogenes and
S. pneumoniae directly [79,80]. However, the role of C1q
in the fight against pneumococci appears controversial. It
has been demonstrated that C1q facilitates bacterial
adherence and invasion acting as a ‘molecular bridge’
between the pneumococci and the host, but it retains the
capability of activating the classical pathway thereby playing an active role in the defense against pneumococci [79].
PepO is expressed by both streptococcal species, and the
depletion of PepO leads to growth retardation of S. pyogenes. It has been shown that binding of PepO to C1q
disturbs its interaction with IgG and inhibits the classical
pathway. PepO from S. pneumoniae and S. pyogenes
shares a 68% sequence homology [81]. Streptococcus pneumoniae also expresses pneumolysin (ply).

Pneumolysin has been shown to activate complement in
an animal model suggesting that it could deplete the C1q
component away from binding to the bacterium [82].
However, as complement is abundant in the blood and
human tissues, this strategy could be important only in
niches with limited amounts of complement.
Inhibition of the membrane attack complex
In spite of having an outer capsule, the bacteria might
still have certain surfaces more vulnerable to MAC,
especially during cell division. Both S. pneumoniae and
S. pyogenes have been suggested to express various virulence factors that inhibit MAC formation on their
surfaces. Streptococcus pyogenes streptococcal inhibitor
of complement (SIC) is a 31-kDa secreted protein that
binds to the C5b67 and C5b678 complexes. Thereby, it
has been suggested to inhibit the terminal complement
complex formation on the bacterial surface. In
S. pneumoniae, at least three proteins are known to
actively inhibit MAC formation. PGK is an glycolytic
enzyme that can be present intracellularly, but also
exposed on the bacterial surfaces. It interacts with the
terminal complement proteins (C5, C7, and C9) that
participate in forming the MAC complex. These interactions could inhibit the MAC complex due to rapid
complement depletion [83]. Since MAC usually is not
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a threat to streptococci, it remains doubtful whether
the MAC-inhibiting activities of the mentioned proteins play a relevant role in streptococcal protection
against complement. They may suppress MAC activity
within the environment, though.

toxic shock syndrome [90]. These kinds of superantigens include S. pyogenes pyrogenic exotoxins (e.g.,
SpeA, SpeB, SpeF, SpeJ, SpeG, SpeH) from which
SpeB is also directly involved in complement evasion
[91]. In scarlet fever, the erythema is due to an erythrogenic toxin.

Hiding from the immune system inside host cells
Streptococci express various virulence factors that help
them to hide from the complement system inside host
cells. Streptococcus pneumoniae expresses a pilus-like
structure, which functions as an adhesion molecule.
This structure is composed of three proteins, rrgA,
rrgB, and rrgC. The rrgA is of particular importance
in pneumococcal meningitis. It has been liked to a faster dissemination in the upper respiratory tract in
humans and mice. Also, it binds to the CR3 complement receptor that facilitates internalization into
macrophages and a longer survival of bacteria [84].
Similarly, pneumolysin has been shown to interact
with mannose receptor C-type 1 (MRC-1) on macrophages leading to dampening of immune responses
and intracellular residency of pneumococci [85]. Invasion into cultured human cells by certain S. pyogenes
strains has been described to be mediated by M protein and Scl1. It has been hypothesized that bacteria
surviving inside host cells could be the reservoir of
S. pyogenes infections in recurrent tonsillitis and erysipelas [86–88].
Autoimmunity, innate autoreactivity, and inflammation
Complement activation leads to inflammation, through
the release of anaphylatoxin C5a and MAC formation.
Therefore, it is obvious that any cell or tissue damage
caused by microbial toxins may induce inflammation.
As an example, cytolysins such as SLO and pneumolysin cause direct damage to the target cell by forming large transmembrane pores. They are therefore
involved in complement activation and cell damage [89].
Systemic toxicity
Several microbial toxins are involved in systemic toxicity through direct interaction and activation of
immune cells. As an example, streptococcal superantigens overstimulate T cells by binding nonspecifically to
the major histocompatibility complex class II (MHC
II) molecules outside the peptide-binding site and
simultaneously to the Vb chain of the T-cell receptor
(TCR). This overstimulation induces the release of
large amounts of inflammatory cytokines that leads to
a systemic inflammatory disease called streptococcal
2578

Autoreactivity
Pneumococcal atypical hemolytic uremic syndrome
(pHUS) is a rare complication of an invasive pneumococcal infection that mainly affects young children
[92]. This disease is triggered shortly after a pneumococcal infection by a yet unidentified mechanism. Factor H recognizes a2-3-linked N-terminal sialic acids on
various human cells and is thereby crucial for factor
H-mediated discrimination between self and non-self
cells [93]. Streptococcus pneumoniae neuraminidase,
NanA, can remove the terminal sialic acids from cell
surfaces and thereby reduce binding of factor H and
make autologous cells susceptible to complement-mediated cytolysis (Fig. 3). Interestingly, NanA also
increases hemolysis by pneumococcal pneumolysin
indicating a fundamental role for NanA in triggering
cell damage and contributing to thrombotic microangiopathy similarly as in the rare form of HUS called
atypical HUS (aHUS) [94–97]. In this disease, mutations in domains 19–20 of factor H reduce the interaction between factor H and sialic acids or C3b on red
blood cells, endothelial cells, and platelets explaining
the molecular mechanism leading to severe endothelial
cell damage [94]. This kind of complement-mediated
attack against self-tissues can be referred to as innate
autoreactivity.
Molecular mimicry
The molecular mechanism by which microbial infections can trigger autoimmune diseases has usually been
explained by molecular mimicry between bacterial and
human antigens. Many of these molecules interact with
the complement system. For example, the streptococcal M protein has structural similarity with epithelial
keratins and myocardial myosins. M proteins share
extensive amino acid homology with keratins 16 and
17 that are not present in normal epidermis, but are
markedly upregulated in psoriatic lesions [98,99]. It is
possible that the T cells primed with these M protein
peptides can recognize the atypical K16 and K17 keratin epitopes via molecular mimicry and lead to
autoimmunity [100]. Also, genetic association studies
showing the same risk alleles for psoriasis and streptococcal tonsillitis support the hypothesis of molecular
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mimicry-mediated autoimmunity triggered by streptococcal infections [101–104]. Additional examples of
consequences of mimicry between human tissues and
M proteins include rheumatic fever and poststreptococcal glomerulonephritis.
Infection susceptibility
Polymorphisms accumulated in the human genome are
a result of evolutionary selection where a new mutation becomes beneficial for the host to survive in the
changing environment. Several genotypic variants,
however, are associated with diseases that are harmful
for the host. For example, a common polymorphism
in factor H (Tyr402His) is a strong genetic risk factor
for age-related macular degeneration (AMD), the most
common cause of visual loss of the elderly in industrialized countries [105–107]. This polymorphism, however, reduces binding of factor H to the S. pyogenes
surface and reduces survival of the bacterium in blood.
Also, genetic association studies suggest that the
AMD-associated variant could protect against streptococcal infections suggesting that this polymorphism
could be important in determining the susceptibility of
an individual to streptococcal diseases [9,108]. This
could also explain why the AMD-associated allele is
enriched in the human population despite its harmful
effect later in life. The role of factor H in bacterial survival and protection of a risk allele from infections
suggest coevolution between the pathogen and host.
Further genetic studies suggest that a set of common
variants in complement genes, called the complotype,
is associated with susceptibility to infectious diseases.
An excellent example of this is a genome-wide association study, where variants in the factor H, CFH, gene
region, called regulators of complement activation
(RCA), have been shown to associate with host susceptibility to meningococcal disease [109]. In principle,
RCA complotyping could be used in making predictions in individual infection risks in the future.

Conclusions and perspectives
The role of complement evasion in bacterial pathogenesis is evident as most pathogenic bacteria bind to complement regulators on their surfaces, whereas
nonpathogenic bacteria lack this trait. The mechanisms
of complement binding and inactivation are therefore
attractive targets for vaccine or drug development. Currently, vaccines that target complement regulator-binding proteins protect from Neisseria meningitidis group
B infections [110]. In addition, the filamentous hemagglutinin (FHA) component of Bordetella pertussis
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vaccine is known to bind C4bp [111]. The pneumococcal
conjugate vaccines PCV-10 and PCV-13, which are currently available, target only 10 or 13 of the most prevalent serotypes of S. pneumoniae, while there are
currently no vaccines available against S. pyogenes
infections [112]. In addition to complement evasion,
bacterial factors may trigger excessive complement-mediated inflammatory responses or even autoimmunity.
Therefore, therapeutic solutions empowering complement toward Gram-positive bacteria and away from
host surfaces are needed. The challenge is, however, that
although streptococci use similar strategies to defeat the
complement system, this trait arises within any given
species from various molecules that present enormous
sequence variability. Understanding the role of complement–pathogen interaction does not only give us valuable information on how bacteria evade the complement
system, it may also explain the molecular mechanism
how bacterial molecules induce inflammation, play a
role in autoimmunity, and contribute to individual
infection susceptibility. These may help in the development of drugs for the treatment of inflammatory diseases and infections, especially to those patients with a
high genetic risk.
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