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Abstract Human pathogens need to overcome an elabo-

rate network of host defense mechanisms in order to

establish their infection, colonization, proliferation and

eventual dissemination. The interaction of pathogens with

different effector molecules of the immune system results

in their neutralization and elimination from the host. The

complement system is one such integral component of

innate immunity that is critically involved in the early

recognition and elimination of the pathogen. Hence, under

this immune pressure, all virulent pathogens capable of

inducing active infections have evolved immune evasive

strategies that primarily target the complement system,

which plays an essential and central role for host defense.

Recent reports on several bacterial pathogens have eluci-

dated the molecular mechanisms underlying complement

evasion, inhibition of opsonic phagocytosis and cell lysis.

This review aims to comprehensively summarize the recent

findings on the various strategies adopted by pathogenic

bacteria to escape complement-mediated clearance.

Keywords Pathogen � Infection � Virulence � Complement

system � Immune evasion

Introduction

Human immunity comprises of the innate and adaptive

systems that synergistically target a foreign pathogen

leading to its neutralization. Innate immunity non-specifi-

cally targets a wide range of pathogens while adaptive

immune responses are pathogen specific. Complement

system is a critical element of innate immunity that com-

prises of a coordinated and efficient proteolytic cascade

leading to neutralization of the microbial pathogen [1]. The

complement system consists of an intricate network of

membrane associated and circulating proteins that either

function as regulators, functional enzymes or substrates in

the extracellular proteolytic cascade [2]. It works in tandem

with other immune effector cells and performs various

functions such as removal of foreign cells, recycling of cell

debris and communication with adaptive responses [3].

Complement activation occurs through three well-de-

scribed mechanisms namely: classical pathway, alternative

pathway and lectin pathway [4]. Each pathway has distinct

initiating mechanisms, which enable them to recognize

diverse pathogenic structures. The classical pathway acti-

vation occurs through the early recognition and binding of

the C1q complement protein with the antibodies tethered to

the antigen on the foreign cell surface. Lectin pathway is

initiated with the binding of carbohydrate moieties on the

microbial pathogens with the pathogen recognition mole-

cules (PRMs), such as mannose binding lectins and ficol-

ins. Contrary to both these pathways, the alternative

pathway is activated through the spontaneous hydrolysis of

C3 on the microbial surface [5].

All these three complement pathways that are activated

by distinct initiation stimuli, converge together through the

central enzymatic cleavage of C3 (complement protein)

and the subsequent formation of C3a and C3b (active
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fragments of C3) [6]. Covalent attachment of C3b on for-

eign microbial surfaces fulfills three crucial functions: (1)

phagocytosis mediated cell clearance; (2) formation of an

amplification loop for the creation of surface associated C3

convertase leading to complement activation; (3) binding

of C3 convertase with the increasing concentration of

surface bound C3b leads to the creation of C5 convertase

[4]. C5 convertase cleaves C5 into its active components;

C5a and C5b, which act as a potent anaphylatoxin [7] and

an integral component of the membrane attack complex

(MAC), respectively. Complement proteins C6, C7 and C8

sequentially interact with C5b to form C5b678, which has

the propensity to embed in the cell membrane [8]. The

C5b678 complex associates with multiple copies of the

complement protein, C9, leading to the formation of MAC

and subsequent killing of the cells [8]. Apart from the

formation of MAC, surface bound C3b acts as an effector

molecule facilitating innate and adaptive immunity [4]. A

number of complement receptors present on the immune

cells mediate the recognition of opsonized cells and acti-

vation of cells involved in adaptive immune response.

Interaction of C3b with the members of the RCA family

(regulators of complement activation), namely; CD35

(Complement receptor 1-CR1) and CD46, results in the

breakdown of C3b to iC3b and/or C3c and C3dg [9]. iC3b

and C3dg remains attached to the microbial surface, while

C3c (fluid phase protein) gets released in circulation [9].

iC3b binds with CR3 (CD11b) and CR4 (CD11c) that are

phagocytic integrin receptors and these interactions facili-

tates complement-mediated phagocytosis [10]. Further-

more, iC3b also binds with the B cell receptor, CR2

(CD21), that is also present on follicular dendritic cells.

The iC3b–CD21 interaction lowers the B cells activation

threshold and promotes induction of memory cells [11].

Hence, C3b association and degradation on the microbial

surface stimulates multiple immune effector functions;

immune adherence (C3b–CR1), phagocytosis (iC3b/C3dg–

CR3, iC3b–CR4) and modulating adaptive immune

response (iC3b–CD21).

The microbial surface is constituted with pathogen

associated molecular patterns (PAMPs), which are recog-

nized by host pattern recognition molecules (PRM) like

complement proteins and IgG, resulting in the activation of

the innate immune system. Hence, complement proteins

are less likely to get activated on host cell surfaces.

However, several membrane-bound and circulating regu-

latory molecules are present in the serum that ensure the

prevention of any complement mediated harmful effects on

host cells, thus imparting protection and selectivity. Com-

plement regulatory molecules predominantly target C3, its

proteolytic fragments and complexes formed [12]. Com-

plement inhibitors typically belong to the RCA family and

include both membrane-bound and circulating regulators

[4]. CD35 (CR1), CD59, CD46 (membrane co-factor pro-

tein, MCP) and CD55 (decay acceleration factor, DAF), are

examples of membrane bound regulators [13]. Soluble

complement regulators include Factor H (FH), C4b-bind-

ing protein (C4BP) and C1 inhibitor (C1-INH). C4BP

inhibits both the classical and lectin pathways by cleaving

surface associated C4b [14]. FH inhibits the alternative

pathway by blocking the association of factor B (FB) with

C3b and promoting C3bBb dissociation [15]. C1-INH is a

serine protease inhibitor that inactivates MASP-1, MASP-

2, C1r and C1s, thus inhibiting both the lectin and classical

pathways [16].

The pathogen-neutralizing role of the complement sys-

tem is crucial for human health, which is substantiated by

the observations that humans with complement protein

deficiencies are at a higher risk of infections [17]. Infec-

tious diseases pose a great threat to human health and this

problem has intensified with the emergence of antibiotic

resistance. Thus, it is imperative to understand the complex

host–pathogen interactions to develop novel intervention

strategies to successfully counter infections. Our current

review aims to update the reader about the critical com-

plement evasion strategies adopted by human pathogens,

which could be helpful in designing new therapeutic

strategies.

Complement Evasion Mechanisms

The successful establishment of infection and pathogenic-

ity by a microbial pathogen is majorly attributed to their

ability to evade the sophisticated surveillance mechanisms

of the human immune system. Innate immunity is the first

line of defense of which the complement system is the

primary target of pathogen for immune evasion [18]. C3 is

the primary target molecule of most immune evasive

strategies of human pathogens. Evolutionary pressure on

pathogens has led to the development of complex mecha-

nisms to inhibit C3 mediated effector functions. Identifying

pathogenic proteins and their human targets is critical in

understanding the pathogenic mechanism that ensures their

survival in the human host. In recent years, our knowledge

of the molecular mechanisms of complement evasion has

expanded remarkably. Although there are a large number

of pathogenic complement-binding proteins, their mecha-

nisms of action are common, which could be categorized

into a few effective strategies. These strategies include

recruitment of the RCA host complement regulatory pro-

teins on the pathogen surface, the expression of cellular

components and proteins on the pathogen surface that

inhibit complement activation, blocking or destabilization

of the C3 convertase and host plasminogen mediated

complement degradation. The following sections focus on
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specific mechanisms underlying complement evasion by

human pathogens (Table 1; Fig. 1).

Role of Host Regulatory Proteins in Complement
Evasion

RCA proteins play a major role in regulating the activation

of complement proteins on self and foreign cells. Human

pathogens usually lack self-patterns on their surface.

However, they have developed strategies to stably bind

with soluble RCA proteins circulating in the human plasma

[78]. Among the various complement evasive mechanisms

adopted by pathogens, recruiting RCA is the most com-

monly employed strategy for evading complement activa-

tion. RCA recruitment has been widely reported for

bacterial pathogens, as well as fungi, viruses and parasites

[79–81]. Recruitment of RCA as a complement evasive

strategy has certain significant advantages: (1) RCA are

host proteins present in relatively higher concentrations in

human plasma [4]; (2) RCA have common structural fea-

tures (short consensus repeats) [3] that engage with various

complementary pathogen-derived proteins facilitating their

recruitment.

Soluble regulatory proteins such as factor H (FH) and

C4-binding protein (C4BP) play a critical role in securing

the host cells from undesirable activation of complement

proteins. FH binds simultaneously with surface associated

C3b and glycosaminoglycans (chondroitin sulphate, hep-

arin sulphate and heparin dermatan) present on the host cell

surface through its domains 6–7 and 19–20 [82]. Thus, the

complement inhibitory domains of FH (domain 1–4) [82]

bind with surface bound C3b and leads to its degradation

that is also defined as decay acceleration activity. Due to

co-evolution of pathogenic microbes and their hosts, many

pathogens have developed the capability to bind with FH.

Interestingly, most pathogens interact with FH through the

same domains 19–20 and/or 6–7 that binds with C3b and

glycosaminoglycans [82]. Like host glycosaminoglycans

(GAG), the pathogenic FH binding protein forms a tripar-

tite structure with FH domains and C3b. The Neisseria

gonorrhoeae outer membrane porin protein and sialylated

lipopolysaccharide (LOS) together interacts with the

C-terminus of FH [83]. The FH-binding lipoprotein (fHbp)

expressed on Neisseria meningitidis resembles the

polyanionic carbohydrates on host surfaces and binds with

human FH [25, 26]. The fHbp subvariant is also used as a

component of the meningococcal vaccines, Trumenba

(Pfizer) and Bexsero (GSK) [84]. Recently, a number of

factor H binding proteins from different bacterial patho-

gens have been reported. The Complement binding and

inhibitory protein A (CbiA) of Borrelia miyamotoi has

been reported to bind with factor H [27]. Two orthologues

of the Borrelia burgdorferi CspA protein have been iden-

tified as Factor H binding proteins in Borrelia mayonii

[85]. The spirochete Treponema denticola surface

lipoprotein FhbB exhibits binding affinity for human FH

[86, 87]. The Adr1/Adr2 surface antigens of Rickettsia

conorii have been reported to bind with FH [30]. Staphy-

lococcus aureus, the master of immune evasion also

expresses a FH binding protein, SdrE that regulates com-

plement activation [31, 32]. The Pseudomonas aeruginosa

surface protein dihydrolipoamide dehydrogenase (Lpd) has

been reported to bind with serum factor H [33]. Recently, a

variety of bacterial proteins such as the CspZ surface

protein of Borrelia burgdorferi [28], the Factor H-com-

bining protein of Streptococcus suis [88] and the zinc

uptake Sht family of Streptococcus agalactiae [29] have

been reported to bind with host FH and impart protection to

the bacteria. Binding of FH with Streptococcus pneumo-

niae PspC protein induces conformational changes in FH

that increases its activity than that might be attained

through its association with GAG on the host surface

[89–91]. The Bacillus anthracis spore surface protein,

BclA, has also been reported to bind with human FH in

order to counter complement activation [34]. A sequence

analysis of the primary amino acid structure of these FH

binding proteins shows no conserved homologous binding

domains that could mediate the binding function

(Figure S1).

Factor H (FH) belongs to the family of host proteins

comprising of other members such as Factor H like protein

(FHL-1) and five factor H related proteins (FHR-1 to FHR-

5) [92]. FH and FHRs are encoded by related genes and

hence share binding similarities to various ligands. FH

inhibits the alternative pathway C3 convertase and acts as

negative regulator of complement activation. FH also binds

to the monomeric, non-functional C-reactive protein

(CRP), whereas FHR-4 binds to the functional pentameric

CRP, thus promoting the activation of the classical path-

way. FHR-1, FHR-4 and FHR-5 bind with C3b to mediate

the formation of the alternative pathway C3 convertase

(C3bBb). Binding of FHRs competitively inhibits the C3b

binding of FH, thus leading to the activation of the alter-

native pathway [93].

FH is the negative regulator of the complement path-

way, while FHRs positively regulate complement activa-

tion. Neisseria meningitidis FH binding protein, Fhbp,

recruits host FH and imparts protection to the bacteria from

complement mediated clearance. FHR-3 has been reported

to compete with FH for its binding with Fhbp, resulting in

the reduced FH recruitment on the bacterial surface and

subsequent clearance through complement activation [94].

However, in a unique role, FH recruitment on the surface

of Mycobacterium bovis mediates its adhesion with

phagocytic cells as FH bind with the CR3 receptors on the
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Table 1 Complement evasive strategies of human bacterial pathogens

Evasive strategy Evasion

molecules

Mechanism of action Bacterial pathogen References

Recruitment of complement regulatory
proteins

Vag8 Interacts with C1-INH Bordetella pertussis [19]

PspA and PspC Interacts with C4BP Streptococcus
pneumoniae

[20]

PorA Interacts with C4BP Neisseria meningitidis [21]

Protein H Interacts with C4BP Streptococcus pyogenes [22]

Protein M Interacts with C4BP Streptococcus pyogenes [23]

Lsa 25/30/33 Interacts with C4BP Leptospira interrogans [24]

FHbp Interacts with Factor H Neisseria meningitidis [25, 26]

CbiA Interacts with Factor H Borrelia miyamotoi [27]

CspZ Interacts with Factor H Borrelia burgdorferi [28]

Sht Interacts with Factor H Streptococcus agalactiae [29]

Adr1/Adr2 Interacts with Factor H Rickettsia conorii [30]

SdrE Interacts with Factor H Staphylococcus aureus [31, 32]

Lpd Interacts with Factor H Pseudomonas
aeruginosa

[33]

BclA Interacts with Factor H Bacillus anthracis [34]

SpeB Interacts with Factor H Streptococcus pyogenes [35]

Blocking host antibodies Plasmin Degrades IgG Staphylococcus aureus [36]

Protein A Binds to Fc region of IgG Group G Streptococci,

Staphylococcus aureus

[37, 38]

Protein G Binds to Fc region of IgG Group G Streptococci,

Staphylococcus aureus

[39]

Sbi Binds to Fc region of IgG Staphylococcus aureus [40]

IdeS Cleaves IgG from hinge region Group A Streptococci [41]

PepO Binds to C1q and inhibit IgG–C1q Streptococcus pyogenes [42]

Vi antigen Inhibit IgG binding on bacterial
surface

Salmonella typhi [43]

IgA1 hydrolase Inactivates IgA1 Streptococcus suis [44]

IgM Protease Inactivates IgM Streptococcus suis [44]

C3 convertase inhibitors LPS Inhibit properdin binding Escherichia coli, [45]

SpeB Degrades properdin and C3 Streptococcus pyogenes [35, 46]

SCIN Blocks C3bBb functioning Staphylococcus aureus [47, 48]

Efb/Ecb Stabilize C3bB pro-convertase Staphylococcus aureus [49]

Eap Blocks C4b–C2 interaction Staphylococcus aureus [50]

CIP Blocks C4b–C2 interaction Streptococcus agalactiae [51]

BBK32 Binds to C1r and inhibit C4b2a Borrelia burgdorferi [52, 53]

SntA Binds to C1q and inhibit C4b2a Streptococcus suis [54]

MSCRAMM Inhibits C1q–C1r interaction Staphylococcus aureus [55]

Bacterial Proteases Aureolysin Cleaves C3 in non-functional form Staphylococcus aureus [56]

Plasmin Degrades C3 Staphylococcus aureus,

Leptospira interrogans,

Streptococcus suis

[36, 57–60]

PaE Degrades C1 Pseudomonas
aeruginosa

[61, 62]

PaAP Degrades C1 Pseudomonas
aeruginosa

[61, 62]

EspP Degrades C3/C3b and C5 Escherichia coli [63]

Mirolysin Degrade ficolin-2, ficolin-3, C4 and
C5

Tannerella forsythia [64]

AprA Degrades C1s and C2 Pseudomonas
aeruginosa

[65]
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neutrophils. Similarly, the binding of FHR-1 associated on

the M. bovis surface with the CR3 receptors mediates its

adhesion with neutrophils. [95].

Similarly, C4BP is another soluble RCA that is abun-

dantly present in human plasma [96], and is responsible for

inhibiting complement activation on host cells. Hence, to

evade complement mediated clearance, pathogens have

adapted to recruit the negative regulator of the complement

system, C4BP, on their outer surface. C4BP is a 500 kDa

glycoprotein comprising of a 40 kDa b-chain and seven

75 kDa a-chains [14]. C4BP regulates complement activity

by binding to activated C4b and C3b and inhibit their

functions [96]. C4BP electrostatically interacts with C4b

via a group of positively charged amino acids in its a-chain
[97]. Similar to FH, C4BP also inhibits the complement

activation cascade at a relatively early stage prior to the

activation of downstream complement components.

Streptococcus pyogenes expresses the M-protein on its

surface, which binds to plasma C4BP [23]. M protein is

dimeric, a-helical coiled protein having an extracellular

N-terminal hypervariable region (HVR) [23]. In spite of its

variability, the M protein binds with C4BP, demonstrating

the conservation of this essential interaction for the sur-

vival of S. pyogenes in the host [98]. M protein and C4b

have overlapping binding sites on C4BP. However, the

heptameric structure of C4BP allows the binding of both

proteins present on the surface of S. pyogenes [99] facili-

tating its decay accelerating activity that degrades C3b.

Protein H is another S. pyogenes surface expressed

protein that binds to C4BP [22]. Protein H interacts with

various ligands, including human IgG [100]. However, the

binding of protein H with IgG through its Fc region renders

it ineffective in activating the complement system and the

employment of the FcR [18], leading to inhibition of

opsonic phagocytosis. It has been reported that IgG, protein

H and C4BP forms a tripartite complex that enhances the

binding of C4BP on the bacterial surface [101, 102].

Strains of Neisseria meningitidis express the PorA protein

bind with C4BP that inhibits complement activation [21].

Leptospira interrogans expresses the outer membrane

proteins Lsa30, Lsa25 and Lsa33 that binds with C4BP and

inhibits complement activation [24]. Streptococcus pneu-

moniae surface proteins, PspA and PspC, bind with C4BP

and degrade surface associated C4b to C4dg, which

remains associated with the bacterial surface but is unable

to form C3 convertase [20]. Certain other non-classical

surface associated proteins (moonlighting proteins) have

been reported to help in recruiting plasma C4BP on the

pathogenic cell surface. For example, Streptococcus

pneumoniae utilizes enolase, a glycolytic enzyme, as a

C4BP binding protein [103]. The molecular interactions of

FH and C4BP with their respective pathogen proteins

exhibit a species specificity, which is believed to the basis

of host selectivity of pathogens.

Certain bacteria have developed strategies to recruit

another serum inhibitor protein C1-INH on their surface.

Recently, it has been reported that the Bordetella pertus-

sis Vag8 protein (Virulence associated gene 8) interacts

with the host C1-INH, leading to the degradation of the

C1r, C1s proteases and the MBL associated serine protease

(MASP 2). Recruitment of C1-INH on the bacterial surface

results in reduced binding of C4 and C2 on the bacterial

surface [19]. Antibodies generated against the Vag8 anti-

gen have been reported to be effective in inhibiting the

recruitment of C1-INH on the bacterial surface [104].

Table 1 continued

Evasive strategy Evasion
molecules

Mechanism of action Bacterial pathogen References

Inhibition of microbial cell Killing SSL-7 Inhibits C5–C5 convertase interaction Staphylococcus aureus [66]

CspA Inhibit C9 polymerization Group A Streptococci [67]

SIC Prevents C5b-7 insertion in
membrane

Borrelia burgdorferi [68]

CD59 Inhibits MAC formation Borrelia burgdorferi,

Helicobacter pylori

[69]

[70]

CHIPS Inhibits neutrophil chemotaxis Staphylococcus aureus [71]

GAPDH Inhibits neutrophil chemotaxis Streptococcus pyogenes [72]

SepA Cleaves C5a and prevents chemotaxis Streptococcus pyogenes [35]

Ecb Inhibit C3b interaction with CR1 Staphylococcus aureus [73]

Exosporium Inhibits Oxidative burst Kingella kingae [74]

BGA 66/71 Inhibits MAC formation Borrelia bavariensis [75]

LcpA Blocks C9 polymerization Leptospira interrogans [76, 77]

The various complement evasion strategies employed by human bacterial pathogens have been tabulated. The descriptions of the mechanisms

and effector molecules involved for each bacterial pathogen have been listed along with the corresponding references
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Blocking Antibody Binding with Microbial
Surfaces

Binding of C1q with antibodies (IgG and IgM) tethered to

PAMPs initiates the activation of the classical pathway.

The interaction of antibody and complement proteins on

the pathogenic surface is crucial for their elimination from

the host and several pathogens have developed strategies to

disrupt this key interaction [105]. Blocking of the antibody

and complement mediated effector mechanism was

amongst the first immune evasive strategy described for the

bacteria, Staphylococcus aureus and group G Streptococci

[37, 39, 106]. Group G Streptococci and Staphylococcus

aureus are known to express the cell wall associated Pro-

tein A [37, 38] and Protein G [39], respectively, which

interacts with various ligands such as IgG. Protein A binds

with the Fcc region of human IgG. It is abundantly

expressed on the surface of S. aureus and its interaction

with plasma IgG leads to the bacteria being coated with

IgG in an inverted or upside-down direction through its Fc

region [106]. Protein A prevents IgG from interacting with

C1q and FcR of the potent phagocytes due to the inverted

configuration of the bound IgG. Another multifunctional

protein of Staphylococcus aureus, Sbi also binds to the Fc

region of IgG and inhibits complement activation [40].

Group A Streptococci produce immunoglobulin degrading

cysteine proteases (IdeS) that cleaves the IgG at the hinge

region, thus removing the Fc region and making the bac-

teria associated IgG inaccessible to the binding of C1q

[41]. Recently, it has been reported that Streptococcus suis

secretes IgA1 hydrolase and IgM protease, which directly

cleave host immunoglobulins [44].

Many bacteria express a capsule on their surface, which

helps them in preventing desiccation and resisting host

immune responses [107]. The bacterial capsule is primarily

composed of repeating units of monosaccharides or amino

acids [107, 108]. In an appropriate example of molecular

mimicry, the N-acetylneuraminic acid-based capsule of

Fig. 1 Complement evasion strategies adopted by human pathogenic

bacteria. Schematic representation of the cascades involved in the

classical, alternative and lectin complement pathways have been

depicted. The complement evasive strategies exhibited by the

different pathogens are listed in the separate boxes that have been

classified as per their mechanism of action. The effector molecules

under a common complement evasion mechanism have been color-

coded. Regulators of complement activation, C4 binding protein

(C4BP) and Factor H targets C3 convertase. C1-Inhibitor (C1-INH)

targets C1/Mannose binding lectin (MBL) associated proteases. IgG

proteases and binding inhibitors (Plasmin, IdeS, Protein A and Protein

G) block the activation of the classical pathway. Lipopolysaccharide

(LPS), Staphylococcal complement inhibitor (SCIN), Streptococcus

pyogenes exotoxin B (SpeB), Extracellular fibrinogen binding protein

(Efb) inhibit C3 convertase of the alternative pathway. Pathogenic

proteases (Aureolysin, Plasmin) degrade human C3 and host Plasmin

degrades IgG. Chemotaxis inhibitory protein (CHIPS) and Glycer-

aldehyde 3-phosphate dehydrogenase (GAPDH) degrade the anaphy-

latoxin molecule C5a. Staphylococcal super antigen like-7 protein

(SSL-7), Complement regulator-acquiring surface protein (CspA),

Streptococcal inhibitor of complement (SIC) and GPI-Anchored

protectin (CD59) inhibit the formation of the membrane attack

complex (MAC)
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Neisseria meningitidis exhibits poor immunogenicity and a

strong structural similarity with the human neural cell

adhesion molecule (NCAM) [109]. The N. meningitidis

capsule prevents antibody mediated C1q recruitment on the

bacterial surface leading to an inhibition of the classical

pathway [110]. The capsule also inhibits the alternative

pathway by masking the sub-capsular targets for C3b

deposition [107]. In addition, the hairy structure of the

capsule may create a hindrance in the interaction between

the bound C3b with complement receptors present on

phagocytes. Some bacteria modify their capsule composi-

tion in order to prevent complement activation. Klebsiella

pneumoniae serotypes lacking rhamnobiose and manno-

biose evade their recognition by the lectin pathway and

exhibit greater virulence [111]. Recently, it has been

reported that the capsular Vi antigen of Salmonella typhi

inhibits bacterial phagocytosis and neutrophil respiratory

burst by inhibiting the binding of antibodies on the bacte-

rial surface [43].

In gram-negative bacteria, apart from the capsule, the

lipopolysaccharide (LPS) in the outer membrane plays a

crucial role in innate immune evasion. LPS is present in

both smooth and rough forms that are determined by the

presence or absence of the O-antigen, respectively [112].

Bacterial strains with a rough LPS are more sensitive to

complement mediated bactericidal activity in comparison

to strains displaying a smooth LPS [113]. The O-antigen is

an elongated component of LPS that has been reported in

Klebsiella pneumoniae to inhibit C1q binding and that of

subsequent complement proteins on the outer bacterial

membrane. Importantly, the elongated O-antigen has been

demonstrated to prevent membrane insertion of the MAC

complex [113, 114]. Recently, the Streptococcus pyogenes

endopeptidase, PepO has been reported to bind with serum

C1q with a higher affinity in comparison to human IgG.

PepO inhibits the binding of C1q with pathogen associated

IgG and results in the inhibition of classical complement

pathway [42].

Inhibition of C3 Convertase Activity
and Formation

C3 convertase plays a central role in C3b formation during

all the three complement activation pathways. However,

the alternative pathway C3 convertase is unstable and has a

short half-life. In this regard, the C3 convertase (C3bBb) of

the alternative pathway is specifically stabilized by a pos-

itive complement regulator, properdin [115]. The associa-

tion of properdin enhances the half-life of C3 convertase by

5–10-fold [116]. A stable C3 convertase is essential for

pathogen clearance from the host and thus, some bacterial

species have developed strategies to disturb this

stabilization process. Lipopolysaccharide is an integral

constituent of the cell membrane of gram-negative bacte-

ria. In many bacterial species, LPS inhibits the binding of

properdin with the bacterial surface [18]. O-antigen

mutants of LPS in E. coli K12 exhibit higher level of

binding of both properdin and C3b on their outer surface in

comparison to its wild-type counterparts [45]. However,

the mechanism underlying the binding inhibitory properties

of LPS remains undefined. Apart from inhibiting the

binding of properdin, certain bacteria are able to induce the

direct degradation of properdin, for example Streptococcus

pyogenes exotoxin B (SpeB) is a cysteine protease that

degrades properdin and other complement proteins such as

C3 [35, 46].

Staphylococcus aureus, which is a perfect example of a

pathogen exhibiting complement evasion, exhibits another

evasion mechanism involving the production of an anti-C3

convertase molecule, Staphylococcal complement inhibitor

(SCIN). The SCIN binds with both C3b and the Bb,

cleaved fragment of Factor B, forming a link between them

and arresting C3bBb in a non-functional conformation

[47, 48]. The extracellular fibrinogen binding protein (Efb)

and the extracellular complement binding protein (Ecb)

stabilize the interaction of C3b and FB increasing the sta-

bility of C3bB pro-convertase on the surface of Staphylo-

coccus aureus [49]. Staphylococcus aureus exhibits the

ability to not only inhibit the alternative pathway C3

convertase, but also that of the classical and lectin path-

ways. The extracellular adherence protein (Eap); a soluble

complement inhibitor binds with C4b, blocking the C4b–

C2 interaction that reduces the levels of the C3 convertase

of the classical pathway or the lectin pathway, C4b2a [50].

Streptococcus agalactiae secretes a complement interfer-

ing protein (CIP) that has a high binding affinity for C4b

and blocks its interaction with C2a, resulting in the reduced

formation of C3 convertase, C4b2a [51]. The collagen-

binding microbial surface components recognizing adhe-

sive matrix molecules (MSCRAMMs) of Staphylococcus

aureus bind with the collagenous domain of C1q and block

its interaction with C1r [55]. Recently, the SntA protein of

Streptococcus suis [54] and the BBK32 protein of Borrelia

burgdorferi have been found to bind with the C1q complex

and inhibit the formation of the C3 convertase of the

classical pathway [52, 53, 117].

Complement Protein Cleavage by Proteases

The recruitment of active proteases that degrade IgG and

complement proteins is another immune evasive strategy

adopted by many human bacterial pathogens. These pro-

teases are primarily expressed by the bacteria itself.

However, certain bacteria are also able to recruit host
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plasminogen that gets activated to the protease, plasmin

that also degrades the complement molecules. These two

distinct sets of proteases involved in complement evasion

are described below:

Complement Protein Cleavage by Bacterial

Proteases

The bacterial proteases specifically degrade complement

proteins into smaller, non-functional fragments that sub-

sequently inhibit complement mediated effector mecha-

nisms for bacterial clearance. Examples of bacterial

proteases that degrade complement proteins and effectively

inhibit complement activation are described below. Sta-

phylococcus aureus secretes a zinc metalloprotease, aure-

olysin (Aur), which cleaves C3 at a site located two amino

acids away from that of C3 convertase [118]. Pseudomonas

aeruginosa alkaline protease (PaAP) and elastase (PaE)

degrade C1 and inhibit the activation of the classical

pathway [61, 62]. The enterohemorrhagic bacteria, E. coli

(EHEC), secrete an extracellular serine protease P (EspP),

that cleaves C3/C3b and C5 [63] The C5a peptidase (ScpA)

of Streptococci degrades C5a and blocks both pro-inflam-

matory and chemotactic signaling [56, 119]. The human

pathogen Porphyromonas gingivalis secretes an active

protease (prtH) that also degrades C3b and IgG [120]. The

periodontist pathogen Tannerella forsythia secretes the

metalloproteinase mirolysin that inhibits all the three

complement pathways by degrading ficolin-2, ficolin-3, C4

and C5 [64]. Pseudomonas aeruginosa expresses an alka-

line protease (AprA) that degrades both C1s, C2 and

inhibits the classical complement pathway [65].

Complement Protein Cleavage by Activation of Host

Plasminogen

A proteolytic strategy adopted by bacterial pathogens is to

exploit the host fibrinolytic system that precisely targets

activation of plasminogen. Plasminogen is a liver-derived

glycoprotein that circulates as a pro-enzyme in human

serum and gets activated to plasmin, which further acts in

resolving fibrin clots. Plasmin is a serine protease that

exhibits a specificity for a broad spectrum of substrates.

Besides its primary substrate, fibrinogen, plasmin also

cleaves complement proteins, C3b and IgG [121]. Exam-

ples of bacteria that recruit plasminogen, which further gets

activated to plasmin are described below. Staphylococcus

aureus expresses a number of plasminogen binding mole-

cules on their surface. The bound plasminogen gets acti-

vated into plasmin by the Staphylococcal enzyme,

Staphylokinase (SAK) [36]. Recently, a number of bacteria

pathogens have been reported to similarly express the

plasminogen binding protein that induces the activation of

plasminogen to plasmin and recruits the host machinery to

evade complement mediated lysis [57]. The Streptococcus

pneumoniae glycolytic enzyme phosphoglycerate kinase

(PGK) [58] and Streptococcus suis enolase have been

reported to activate host plasminogen [88]. The surface

proteins of Leptospira interrogans (LIC11711) [59] and

Treponema denticola (FhbB) [86] also bind and activate

host plasminogen. Plasmin degrades both IgG and C3b/

iC3b on the bacterial surface resulting in reduced

opsonization and phagocytosis of the bacteria.

Modulation of Complement Components Involved
in Membrane Attack Complex (MAC) Formation,
Neutrophil Chemotaxis and Neutrophil
Phagocytosis

Terminal molecules involved in the complement cascades

are crucial for pathogen killing as they play a crucial role in

the construction of MAC, the cytotoxic molecular assem-

bly. MAC formation occurs with the association of C5b6-8

and multiple copies of C9. C5 cleavage by the C5 con-

vertase generates C5b and C5a of which C5b initiates

MAC formation and C5a is a potent anaphylatoxin that

recruits immune cells at the site of infection. Staphylo-

coccus aureus secretes the staphylococcal super antigen

like-7 protein (SSL-7) [60], which binds to C5 and inhibits

its interaction with C5 convertase, preventing the initiation

of MAC formation. In addition, SSL-7 binds with IgA1 and

IgA2 blocking their interaction with FcaR1 and resulting in
reduced phagocytosis [66].

Group A streptococci express SIC (streptococcal inhi-

bitor of complement), which binds to soluble C5b-7 com-

plex and prevents its insertion in the cell membrane [68].

An important human pathogen, Helicobacter pylori pre-

vennts MAC formation by binding to the host membrane

associated regulator CD59 (protectin) [70]. Leptospiral

surface protein LcpA binds with the serum component

vitronectin and inhibits the polymerization of C9 that

blocks MAC formation [76, 77]. Borrelia burgdorferi

expresses two terminal complement inhibitors, CspA and

CD59 like proteins. CspA binds simultaneously to C7 and

C9 that inhibits ZnCl2 induced C9 polymerization [67, 69].

CspA also binds to FH and is known as the complement

regulator acquiring surface protein-1 (CRASP-1)

[69, 122, 123]. CspA mutants that lack FH binding activity

but retain its C7 and C9 binding activity were unable to

protect bacteria from lysis [124]. These findings demon-

strate that the inhibition of MAC formation by CspA

without FH binding is insufficient in imparting protection

to the bacteria. The BGA66 and BGA71 proteins of Bor-

relia bavariensis interacts with terminal complement

290 Indian J Microbiol (July–Sept 2020) 60(3):283–296

123



components C7, C8, and C9, and inhibit the formation of

MAC [75].

Certain pathogens have devised strategies to inhibit

neutrophil migration to the site of infection. The S, aureus

chemotaxis inhibitory protein (CHIPS) [71] binds with the

C5a receptor expressed on neutrophils, reducing neutrophil

chemotaxis and helping in the establishment of the infec-

tion. The Streptococcus pyogenes glycolytic enzyme

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) also

performs moonlighting functions of immune evasion.

Bacterial surface GAPDH binds to C5a and inhibits neu-

trophil recruitment [72]. C5a peptidase (SepA) of S. pyo-

genes cleaves C5a from C-terminus and prevents

chemotaxis of phagocytes [35].

In a recent finding it has been demonstrated that the

polysaccharide capsule and exosporium of pediatric

pathogen Kingella kingae inhibits the oxidative burst

response of neutrophils and also hinders the neutrophil

association to the bacteria [74]. The earlier described

extracellular complement binding protein (Ecb) of Sta-

phylococcus aureus also inhibits the interaction of C3b

with complement receptor 1 (CR1) present on neutrophils.

Blocking of C3b–CR1 interaction results in reduced

phagocytosis and proteolytic breakdown of C3b [73].

The various complement evasive strategies adopted by

the human bacterial pathogens have been summarized in

Table 1.

Perspective

The co-existence of humans and pathogens have led to the

evolution of a coordinated balance between host immunity

and the evasion strategies of the pathogens. Apart from cell

adhesion and colonization, evasion of host immunity is

another crucial factor for the establishment of infection

inside the host. The diverse complement evasive strategies

discussed above demonstrates the significance of comple-

ment system in elimination of pathogen from the host.

Recent findings have elucidated the varied biochemical and

structural mechanisms of complement evasion by human

pathogens. However, the precise molecular mechanisms

that mediate the complement and immune evasion strate-

gies adopted by the many bacterial pathogens still remains

a gap in our understanding that warrants further investi-

gations. For example, Bacillus anthracis and Streptococcus

pneumoniae have outer capsules composed of poly-c-D-
glutamate and polysaccharides, respectively, that have

been reported to evade complement activation. However,

the mechanism underlying this evasive strategy that would

explain the lack of complement protein binding on the

outer capsule still remains unknown.

A number of anti-complement therapeutics are available

or in clinical development, some of which are listed below

based on their complement target: (1) C1r/s; MASPs—

Cinryze, Berinert, Ruconest, Sutimlimab; (2) Factor D—

Danicopan, ACH-5228, ACH-5448; (3) Factor B—IONIS-

FB-LRX, LNP023, (4) C3—APL-2, APL-9, AMY-101; (5)

C5—Eculizumab, Tesidolumab, Pozelimab, Ravulizuma

[125, 126].

In order to develop better intervention strategies against

pathogenic infections, it is crucial to understand their

immune evasive mechanisms. Certain bacterial comple-

ment evasive molecules have also been targeted to facili-

tate complement-mediated clearance of pathogens [127],

which may lead to the development of potential thera-

peutics or prophylactics. Many pathogens bind with the

serum Factor H that inhibits the activation of the alterna-

tive pathway. A fusion protein comprising of the cell

binding domains of FH and the human IgG Fc region

(FH6,7/HuFc) has been reported to induce complement

dependent killing in vitro and bacterial clearance in animal

models [128–130]. In a pro-vaccine approach based on a

bacterial immune evasion protein, it has been demonstrated

that the Staphylococcal Sbi protein activated the alternative

complement pathway by the recruitment of complement

regulators and forming a tripartite complex (Sbi:C3d:FHR-

1), Thus, Sbi increases the binding of FHRs with C3b and

in the process inhibits FH activity resulting in enhanced

complement activation [131]. Further it was reported that a

chimera of Sbi, fused with the M. tuberculosis antigen

Ag85b, produced effective C3 mediated opsonisation and

induced a significantly higher immune response than that

observed with the Ag85b alone, thus establishing a proof of

principle for a novel vaccine strategy [131]. The Bordetella

pertussis autotransporter, Vag8 protein has been reported

to inhibit complement activation by recruiting the serum

regulator protein C1-INH. Mice immunization with Vag

protein has been shown to induce anti-Vag8 antibodies that

block the recruitment of C1-INH on the bacterial surface

and in turn promoting complement activation that led to a

reduction in the B. pertussis load from the mice lungs

[104, 132]. Immune responses generated against certain

pathogenic molecules involved in immune evasion through

vaccine administration have shown promising results in

eliciting protection against infections [84, 104].

The complement system has a critical role in innate

immunity as the first line of defense against infectious

pathogens. However, it also contributes in aggravating

disease pathology and thus a fine balance has to be main-

tained in targeting the complement system. As anti-com-

plement therapy may compromise the ability of

opsonization and phagocytosis [133] increase the levels of

complement proteins in the human blood stream and even

lead to tissue damage [126]. Hence, innovative new
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generation anti-complement therapeutics are under devel-

opment to overcome these challenges and improve upon

efficacy.

However, the major limitation in developing therapeu-

tics for pathogenic clearance is that certain pathogens have

developed multiple complement evasive strategies such as

Staphylococcus aureus [38, 134, 135]. Recent findings

have also demonstrated that the Staphylococcus aureus can

target broad range of hosts by acquiring some genome

modification [91]. In a recent study, we have also

demonstrated that the negatively charged poly-c-D-gluta-
mate capsule of Bacillus anthracis inhibits opsonic

phagocytosis by impeding complement activation through

multiple mechanisms [136]. It would be very challenging

to develop a single magic bullet that as a therapeutic can

counter all the multiple complement evasion mechanisms

of all bacterial pathogens. Nevertheless, the disruption of

complement evasion mechanisms is an attractive approach

for the development of novel, specific intervention strate-

gies against virulent bacterial pathogens.
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