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Abstract: The complement system exerts crucial functions both in innate immune responses and
adaptive humoral immunity. This pivotal system plays a major role dealing with pathogen invasions
including protozoan parasites. Different pathogens including parasites have developed sophisticated
strategies to defend themselves against complement killing. Some of these strategies include the em-
ployment, mimicking or inhibition of host’s complement regulatory proteins, leading to complement
evasion. Therefore, parasites are proven to use the manipulation of the complement system to assist
them during infection and persistence. Herein, we attempt to study the interaction´s mechanisms of
some prominent infectious protozoan parasites including Plasmodium, Toxoplasma, Trypanosoma, and
Leishmania dealing with the complement system. Moreover, several crucial proteins that are expressed,
recruited or hijacked by parasites and are involved in the modulation of the host´s complement
system are selected and their role for efficient complement killing or lysis evasion is discussed. In
addition, parasite’s complement regulatory proteins appear as plausible therapeutic and vaccine
targets in protozoan parasitic infections. Accordingly, we also suggest some perspectives and insights
useful in guiding future investigations.

Keywords: protozoan parasites; complement system; complement regulatory proteins; complement
evasion molecular interactions

1. Introduction

Intracellular protozoan parasites especially Leishmania, Toxoplasma, Plasmodium and
Trypanosomes manipulate the infected-host cell homeostasis to favor parasite replication
and survival and to induce pathogenesis [1]. These parasites employ different strategies
to circumvent the cell signaling cascades and subsequent host cell immune responses to
promote a favorable infectious environment [2,3]. In this regard, immune modulation is one
of the most prominent strategies used by intracellular protozoan parasites [4,5]. The most
likely mechanisms that exert major function in parasite-immune evasion, pathogenesis and
persistence are mimicking, hijacking and the inhibition of different molecules of the host´s
immune responses [5].

The complement system, as part of the innate immunity, has important functions, such
as cell opsonization during phagocytosis (through complement components C1q-, C3b-,
and iC3b), immune cell recruitment, inflammation induction (through the release of C3a
and C5a) and during the formation of the Membrane Attack Complex (MAC) leading to
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pathogens lysis during infections. The complement includes the classical (CP), alternative
(AP), and lectin pathways (LP) (Figure 1). C3 convertase originated from all pathways
interact with the newly cleaved C3b, composing a C5 convertase (cleaving C5 into C5b).
C5b interacts with C6-C9, thus forming the MAC and subsequently pathogen killing. All
complement pathways are different in their initial steps, however, all of them are common
in producing a C3 convertase, a C5 convertase, the formation of the MAC and finally
inducing pathogen lysis. The complement is controlled and regulated through different
mechanisms, including by fluid phase regulators (factor H (FH), factor H-like protein 1
(FHL-1), C1-inhibitor (C1-INH), and C4b-binding protein (C4BP)), and cell membrane
regulators (complement receptor 1 (CR1)/CD35, decay-accelerating factor (DAF)/CD55,
membrane cofactor protein (MCP/CD46), protectin/CD59, and complement receptor of
immunoglobulin (CRIg)). Those pathways allow for the restriction of overactivation of the
complement or inappropriate complement activation and also to control host cell damage
(Figure 1) [6–8].
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Figure 1. The activation of complement system: (a) the classical pathway is induced by the recognition
of antibody-antigen complexes on the pathogens surfaces through (by interacting with) complement
component C1q, then cleaving C2 and C4 to produce C2a and C4b; these complement components
bind to the pathogens surface to compose the C3 convertase C4b2a. (b) The lectin pathway in triggered
by binding the mannose-binding lectin (MBL) or ficolin to mannan or glycosylated biomolecules,
respectively (on the pathogens surface). The interaction of cysteine proteases with these biomolecules
drive to the cleavage of C2 and C4 and thus generate the C3 convertase C4b2a. (c) The alternative
pathway is initiated by spontaneously hydrolyzing C3b or C3b obtained from the other pathways,
interacting with factor B, which is cleaved into Bb through factor D, and consequently composing the
C3 convertase C3bBb [6,7].

Pathogens can efficiently manage the overactivation of the complement system by
targeting complement regulatory mechanisms [9,10]. In this sense, pathogens interact
with or evade complement through various approaches including (i) the inhibition of
MAC formation, (ii) the expression of proteins that mimic or hijack host surface and fluid-
bound complement regulators, (iii) the secretion of complement inhibitory proteins (such as
proteases), (iv) the recruitment of complement opsonization factors to enhance intracellular
invasion, (v) the interference with anaphylatoxin signaling, and (vi) the modulation of
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the convertase enzyme formation or stability. Surprisingly, some pathogens may apply
simultaneously redundant or different evasion strategies to induce an effective and efficient
complement evasion [8,11].

During protozoan parasitic infections, the complement system might also be activated
by a proteolytic cascade that consequently drives to the opsonization and lysis of invading
parasites (Figure 2) [12,13]. It mostly exerts its function through the formation of the MAC
and the development of an inflammatory reaction on the parasite´s surface. However, par-
asites have developed deceptive tactics leading to the inhibition of complement functions
and the MAC formation mainly through the mimicking or hijacking of the employment of
host complement regulatory proteins, the expression of orthologs of Regulators of Comple-
ment Activation (RCA) on the parasite´s surface and also by the expression of redundant
parasite-encoded proteins targeting different complement components [14]. Accordingly,
this review highlights some of the most outstanding proteins and the main molecular
mechanisms potentially acting as complement evasion strategies leading to successful
protozoan parasites survival and persistence, thus potentially serving as targets to manage
mainly devastating neglected tropical diseases [15].
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Figure 2. The complement system activation in the most prominent and challenging protozoan
parasitic infections [6,16–18].

2. Parasite’s Complement Regulatory and Evasion Molecules
2.1. Plasmodium spp.

These are the causative agents of malaria, an acute febrile disease with 241 million
cases and 627,000 deaths worldwide in 2020. Plasmodium spp. belong to the apicomplexan
parasites with a complex life cycle involving two hosts, an invertebrate, the Anopheles
mosquito acting as its biological vector and a vertebrate, such as humans [19,20]. It has
been found that the complement is involved in all life cycle-stages of the Plasmodium
parasites, including the pre-erythrocytic-, erythrocytic-, and sexual-stages during immunity
against malaria [7,21,22].

The antibody response in a complement-dependent manner could be an important
contributor to natural acquired immunity against protozoan parasites [7,16,21]. For in-
stance, the direct inhibitory effect of antibodies against the sporozoites (CSP), merozoites
(MSP119), and sexual stages of Plasmodium falciparum (Pfs230) surface proteins can be
efficiently favored due to the complement activation. In this sense, the attachment of C1q
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component to IgG-opsonized sporozoites and merozoites was correlated to a protective
immunity in malaria patients [16]. Antibody-mediated complement-dependent (Ab-C’)
inhibition is relevant to prevent merozoite invasion of Red Blood Cells (RBCs) during blood-
stage malaria infections. C1q fixation has been represented as the main mediator of Ab-C’
inhibition through binding to the Plasmodium surface proteins MSP-1 and MSP-2 [23,24].
However, blood infected erythrocytes are resistant to antibody-complement mediated lysis
compared to the other parasitic life cycle stages. This might due to several intrinsic aspects
of infected erythrocytes, including the expression of complement regulatory proteins on in-
fected RBCs, the lower number of antigenic binding sites for antibodies, and the orientation
or variation in antigenic targets on the parasite´s surface to inhibit antibody attachment
and consequently complement activation [16].

By another way, the antibody-dependent complement action can play a major role in
parasite phagocytosis or opsonophagocytosis by the attachment of antibodies to Plasmodium
parasites during the infection [13]. However, these could also be helpful to favor parasite
replication and survival at various life stages, including the erythrocyte infection and for
rosette formation which inhibits complement activation and promotes infection [25,26].

Free merozoites can bind both FH and FHL-1 to their surfaces (most probably through
merozoite protein Pf92 and binding to the CCP domains 5-6 of FH and FHL-1), inactivating
C3b and increasing parasite survival during the erythrocytic replication phase [27–29].
Therefore, mimicking or hijacking the FH and FHL-1 factors might also be a possible
evasion strategy of these parasite life cycle-stages. FH (formerly known as b1H), as a
fluid phase complement regulatory protein belongs to a family of proteins including FH,
FHL-1 and Factor-H related proteins (FHRs). Surprisingly, increasing evidence has shown
that FHRs play opposite functions compared to factor H and FHL-1; this is the direct
enhancement of complement activation in competition with the regulators FH and FHL-
1 [30]. FH can negatively regulate the AP pathway and it has been also recognized as
the regulator of the CP pathway being thus the main target of different pathogens for AP
evasion [8]. Moreover, FHR-1 may compete to bind to plasmodial FH receptors and impair
FH regulatory activity and C3b inactivation on the parasite surface. These data suggest
that FHR-1 can act as a protective factor in host’s immunity by counteracting FH-mediated
parasite complement evasion [31]. By expressing other merozoite surface biomarkers, such
as C1-INH and CR1, acting as a soluble regulator of the complement activation; these
parasites can negatively modulate both classical and lectin pathways by inhibiting C1s, C1r,
mucin-associated surface protein-1(MASP-1) and MASP-2 (the activator proteases of the
complement system) [14]. PfMSP3.1 and P. falciparum glycosylphosphatidylinositol (PfGPI)
probably play a major function in merozoite binding to the C1-INH. This attachment
leads to the limitation of classical pathway proteases and consequently the inactivation of
downstream complement cascade [27,32,33]. Interestingly, the decreased expression level
of CR1 on the surface of uninfected erythrocytes (increasing erythrocyte susceptibility to
macrophage clearance) is most probably essential for the clearance of these erythrocytes
in malarial anemia caused by P. falciparum and P. vivax. The high expression level of
CRs on infected compared to uninfected erythrocytes indicated that parasite invasion of
erythrocytes through CRP receptor pathways is related to parasite evasion mechanisms
from complement-mediated clearance [34,35].

On the other hand, P. falciparum can also differentially express on their surface or-
thologs or receptors of host soluble complement components. These biomolecules can also
act as targets for antibodies (antibody-mediated complement lysis). Specially, sporozoites
express different proteins on their surfaces to interfere with complement and neutralize the
activity of this system. DAF triggers the decay of C3 and C5 convertases in association with
C3b and C4b deposited on the cell membrane [14]. Evidence has shown that the expression
of parasite-like DAF in salivary gland sporozoites induces their resistance to lysis by the
complement [36].

In the asexual erythrocytic stages, the antigenic variation (especially regarding P. falci-
parum erythrocyte membrane protein 1 (PfEMP1)) on the P. falciparum-infected erythrocytes
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surface might mediate the limitation of complement fixation and cell lysis. Other mecha-
nisms including expressing host orthologs or capturing the host cell-intrinsic complement
regulator CD59 may also allow the parasites to prevent the formation of MAC on infected
RBCs mediated by parasite mannosyltransferase (PfPIG-M) [7,37,38]. In addition, blocking
C1q-binding site on IgM and IgG might be considered as Plasmodium’s strategies to evade
complement [7,38]. Finally, Plasmodium parasites with an unknown mechanism attach
to the host cells plasminogen and mediate its conversion to plasmin during the intraery-
throcytic stage, leading to the inactivation of C3b and complement evasion [39]. Since
plasminogen and related proteins (plasminogen-binding proteins) are involved in parasites
invasion and migration through the tissues of the infected host [40], more investigations
may decipher information regarding the role of such proteins in parasite evasion from
complement system.

Regarding the mosquito stages, P. falciparum gametes recruit, express or mimic FH
and FHL-1 from the ingested human blood to their surfaces through different mechanisms
including probably the attachment to parasite protein glideosome-associated protein 50
(GAP50) to inactivate C3b [41]. Moreover, the covering of the gametes of Plasmodium by
cellular debris of infected-RBCs during gametogenesis can further augment the gametes im-
mune evasion [42]. Surprisingly, the mosquitoes midgut cells can also capture and employ
FH via specific receptors inactivating C3b and inhibiting the C3bBb enzymes formation
to protect themselves from complement lysis [43]. Interestingly, evidence has revealed
that 6-CYS protein Pfs47 can facilitate Plasmodium parasites transmission in mosquitos
by its ability to regulate the insect complement-like immune system [44]. Pfs47 probably
disrupts c-Jun N-terminal kinases (JNKs) pathway-mediated apoptosis and inhibits nitra-
tion of ookinete, which are essential to activate the complement-like system [45,46]. In
addition, it has been recently clarified that some proteins, including PIMMS43 (Plasmodium
Infection of the Mosquito Midgut Screen 43) and CSP are expressed in Plasmodium oocysts
to induce parasite evasion of the mosquito complement-like response [47,48]. All these
mechanisms can further highlight that Plasmodium parasites can evade the complement
system in different life cycle stages.

2.2. Toxoplasma spp.

Toxoplasma gondii is the causative agent of toxoplasmosis, a prevalent world zoonotic
infectious disease, with seropositivity rates of 10% to more than 90% depending on the
geographical area. Toxoplasmosis is mostly asymptomatic, however, in immunosuppressed
patients it appears as a symptomatic disease. In pregnant women with an acute form of
the infection, it could be fatal for the fetus. There are different evolutionary forms in T.
gondii-life cycle being the felines considered as definitive hosts and humans as intermediate
hosts [49].

T. gondii activates both the AP and LP pathways and actively resists complement-
mediated lysis in non-immune human serum through inactivating C3b. Toxoplasma hijacks
both CP and LP regulator C4b-binding proteins (C4BP) and AP regulator FH to the parasite
surface to inhibit bound C3b-iC3b and C3dg and restrict formation of the C5b-9 attack
complex. It seems that modulating the alternative pathway by hijacking FH is more
crucial for parasite resistance. Toxoplasma parasite is capable of binding heparan sulfated
proteoglycans (SPGs) and sialic acid through microneme proteins 1 and 4 (MIC1, MIC4)
and surface antigen-related sequence 57 (SRS57) to hijack or recruit FH and C4BP [12,50]. In
general, evidence has shown that Toxoplasma significantly modulates the form and level of
C3b on its surface to recruit complement and consequently modulate adaptive immunity to
increase virulence. For instance, it seems that the surface of Toxoplasma is covered by iC3b
and C3dg. The covalent binding of surface antigens with C3dg can affect B cell immunity.
The opsonization with iC3b can also influence the phagocytosis of this parasite leading to
complement evasion [50].

T. gondii and Plasmodium spp. are obligate intracellular protozoan parasites that can
significantly lead to the dysfunction and injury in the brain due to the interactions between
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these protozoa and complement system (Table 1) [51]. It seems that the overactivation or
overexpression of host’s complement components by Plasmodium parasites (or even on the
parasite surface) participates in cerebral malaria (CM) pathogenesis. Thus, the inhibition
of complement system at the level or downstream of C5 activation or CR1 (CD35) might
be suggested as a therapeutic strategy against CM. Although complement-dependent
clearance is required during the initial stage of Toxopolasma spp. infection, these parasites
can induce persistent complement activation in the central nervous system (CNS) in chronic
stage [51].

The initial passage of Toxoplasma parasite to the CNS occurs across cortical capillaries.
However, the integrity of the microvascular blood–brain barrier (BBB) decreases parasite
transmission, which consequently is further augmented by the inflammatory response [52].
Several evidences have shown that complement and coagulation cascades pathway and
tight junction pathway are correlated with the host immune system and the brain intrusion
of parasite in Toxoplasma-infected mice, respectively. Toxoplasma parasite can significatively
induce and upregulate the C3 and C1q and disrupt the tight junction of the BBB in the CNS
thus facilitating the parasite penetration to the brain tissue via the intercellular space [53].
Globally, the increase of C4b, C3 and C1q during toxoplasmosis infection induces nerve
cell disruption including synaptic loss and other plausible neurodegeneration in addition
to their roles for parasite entrance [54].

Microglia and astrocytes cells and their crosstalk regulate homeostasis in the normal
brain tissue and Toxoplasma parasites can induce different physiological effects on the glia
and astrocytes most probably through altering immune system responses [55–58]. Since
these cells are an important part of the CNS, their activity modulation or dysfunction could
drive to the neuroinflammation and various brain disorders [59,60]. There is growing in-
formation suggesting crucial functions of complement components in microglia-mediated
neuropathological disorders [61,62]. Microglia cells mediate and facilitate the Toxoplasma
parasite dissemination in the CNS and also participate to the induction of complement
activity in different brain regions [63]. Evidences have shown that alternative complement
components and anaphylatoxin receptors signals could be upregulated in the Toxoplasma-
infected brain parenchyma through parasite-microglia interactions. Toxoplasma parasites
can directly upregulate the complement factor B (CFB), complement component factor
properdin (CFP), C3, and C5aR1 in glial cells. Since the C5a/C5aR1 axis increases in-
terleukin 12 (IL-12) induction in splenic dendritic cells and subsequent inducible nitric
oxide synthase (iNOS) expression in the brain [64], the continued overexpression of C3aR
and C5aR1 in the infected brains could be probably correlated with the defense against
Toxoplasma infection-induced damages in the CNS [63].

Table 1. Interactions between Toxoplasma/Plasmodium parasites and complement system in infected
brain tissue.

Interaction Mechanisms with the Tissue (Brain) References

Plasmodium spp.

Upregulation of C1q and C5 in CM patients [65,66]

C5a up-regulation (C5aR deficiency: increasing productivity against CM)
C5aR probably mediates persistent neurocognitive deficits [67,68]

Inducing innate immune responses (including the complement system)
and associated demyelination (severity of CM) [65]

C5 deficiency and C5aR blockade were protective against CM (protection
of C5 deficient mice against CM is mediated via the inhibition of MAC, not

through C5a-induced inflammation)
[69,70]
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Table 1. Cont.

Interaction Mechanisms with the Tissue (Brain) References

C5 plays a role in malaria-induced seizures [71]

T cell-deficiency is protective against CM (which was correlated by
decreased complement activation) [72]

Dysregulated C5aR signaling participates in the pathogenesis [67]

C9 deposition throughout the cortex of cerebral malaria (CM progression) [70]

Toxoplasma

C3 and C4b upregulation (especially in the brain with high cyst burden),
C5aR and C3aR upregulation in the cerebral cortex and glial cells [53,63,73]

C3, C4, C1q and C1r upregulation in the brain with high cyst burden
(complement deposition on the surface of degenerating neurons) [73]

C1q upregulation (especially near parasite cysts and punctate synaptic
patterns) [53,74]

C3, C4b, and C1q upregulation and the probable induction of the
disruption of tight junctions [53]

Induction or upregulation of the alternative pathway components (FB and
FP) and anaphylatoxin receptors (C3aR and C5aR) in the cerebral cortex

and glial cells
[63]

2.3. Trypanosoma cruzi

Trypanosoma cruzi is the etiologic agent of Chagas disease (American trypanosomiasis),
and is mainly transmitted to vertebrate hosts by feces or urine of infected blood-sucking
triatomine bugs. Blood trypomastigote forms can migrate via the bloodstream and infect
organs including the heart, esophagus, and stomach of the vertebrate hosts [75]. Comple-
ment cascade may play in humans a dual function during acute and chronic phases of
Chagas disease. It might exert important functions in parasite elimination in the initial
steps of the infection, and in the later stages it might be involved in the progression of
symptomatic forms of the disease through its role in T-cell regulation [76]. Trypanosoma
parasites mostly trypomastigotes and amastigotes adapt to the immune and complement
system through different strategies. Trypomastigotes seem to be remarkably resistant to
the complement and this resistance vary between strains of the parasites [77].

The alternative and lectin complement pathways are activated In T. cruzi in initial steps
of the infection. In general, T. cruzi recruits calreticulin and glycoprotein 58/68 (GP58/68)
biomolecules to inhibit the initial steps of CP, LP or AP complement pathways, respectively,
and trypomastigote-decay acceleration factor (T-DAF), complement C2 receptor inhibitor
trispanning (CRIT), complement regulatory protein (CRP), and host-derived microvesicles
(MVs) that inhibit or disrupt C3 convertase assembly, leading to the complement evasion
of the parasite [77].

Different infective forms of T. cruzi can express or mimic several complement regu-
latory proteins on their surfaces. It has been described that the expression level (mRNA
or protein) of some complement receptors or complement-inhibiting proteins, including
CRP, CRIT and T-DAF could be alleviated in T. cruzi strains (trypomastigotes) with lower
virulence. Thus, the differential expression of such complement regulatory proteins could
be valuable diagnostic markers in the assessment of parasite-strain pathogenicity [78]. Most
of these expressed proteins have a decay-accelerating activity through the inhibition of
C3 convertase formation or assembly (including T-DAF, T. cruzi complement regulatory
protein (TcCRP), gp58/68 and FH) and/or contribute as a cofactor for complement in-
hibitor factor I (FI). Some of them can also restrict the catalytic activity of C3 convertase
(plasma membrane-derived vesicles (PMVs)) or inactivate and inhibit specific complement
components (T. cruzi calreticulin (TcCRT) and CRIT). TcCRT as a pleiotropic and multifunc-
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tional molecule could be expressed in both parasite endoplasmic reticulum and parasite
surface, participating in parasite pathogenesis especially in correlation with the comple-
ment cascade. This protein can disrupt the initial step of CP and LP pathways, decreasing
the C3 convertase formation. TcCRT can also exhibit important virulence functions in
correlation with C1 [79]. In addition, it has been observed that some T. cruzi strains hijack
complement relevant proteins such as opsonized components of the complement, such as
mannose-binding lectins (MBLs), leading to host cells invasion [80].

Extracellular vesicles (EVs) including MVs or exosomes might be released into different
cells by many pathogens, such as intracellular protozoan parasites during parasite–host
cell interaction and transfer different biomolecules as virulence factors [81]. MVs cargo
can lead to parasite resistance to complement-mediated lysis and drive parasite invasion
and infection induction in a parasite class dependent manner [82,83]. Furthermore, these
strategies appear to be parasite-specific and also parasite-strain independent [81,83,84]. For
instance, calreticulin in MVs binds to subcomponents of the classical and lectin pathways,
inhibiting the formation of C3 convertase, restricting the activation of classical and lectin
pathways, and eliminating any complement system membrane attack complex located on
the parasite´s surface [84,85].

2.4. Trypanosoma brucei

African trypanosomiasis (or sleeping sickness) is caused by protozoan parasites of
the species Trypanosoma brucei. This infectious disease is transmitted by the tsetse fly
(Glossina species). Two subspecies of the parasite (morphologically indistinguishable) T. b.
gambiense and T. b. rhodesiense induce chronic (slowly progressing) African trypanosomiasis
in western and central Africa and acute African trypanosomiasis in eastern and southern
Africa, respectively [86].

In African trypanosomes, both the classical (mediated by specific antibodies against
the parasite) and alternative (antibody-independent and in the early stages of infection)
pathways of the complement are activated during infection [87]. It seems that the com-
plement system activation is favorable but not essential for resistance to the infection. In
fact, C3a and C5a have been recognized as helpful and efficient complement factors in the
initiation of inflammatory responses during trypanosomes infection [88]. As a defensive
mechanism, trypanosomes can endocytose surface bound anti-variant surface glycoprotein
(VSG) specific antibodies (lytic complement complexes) through the flagellar pocket [89].
The metacyclic infectious trypanosomes are able to express an VSG coating antigen that
inhibits antibodies-mediated elimination. This mosaic VSG coat also inhibits the recog-
nition of hidden epitopes of complement factors (C3) to their surface. Furthermore, the
Ab-mediated elimination could be restricted due to the rapid recycling of VSG-antibody
complexes and VSG shedding, driven to scavenging circulating complement components.
Therefore, it has been speculated that by their VSG recycling system and by releasing large
amounts of soluble VSG, especially at the peak of parasitemia, a hypocomplementemia
phenomenon is induced during infection, leading to parasite survival and immune escape
of the parasites [87,88,90].

On the other hand, it is very interesting to point out that the host´s lipids scavenging
and manipulation by some pathogens allow them to evade the immune system, promoting
survival and persistence through different mechanisms [91]. As a postulated mechanism,
pathogenic or host’s hijacked phospholipids might interact with various complement
components including FH and FHL and manipulate this pivotal cascade to favor inducing
the infection [92]. It has been mentioned that T. brucei infection triggers a broad and
robust immune response in the adipose tissue (AT), which needs the complement cascade
(C3 component) to diminish the tissue-parasitic burden [93]. In parasitic infections, the
host’s lipid scavenging brings the parasite essential metabolic enzymes. In addition, in
some protozoan parasites including Trypanosoma and Plasmodium spp. It also represents
countermeasures for the neutralization of the host’s complement effects [94].



Biomolecules 2022, 12, 1564 9 of 21

2.5. Leishmania spp.

Leishmaniasis is a vector-borne disease caused by 53 species belonging to the genus
Leishmania. Moreover, 20 species are described as pathogenic to humans. It is estimated
that 50.000–90.000 new cases of visceral leishmaniasis and 600.000 up to 1 million cases of
cutaneous leishmaniasis occur annually in the world [95].

As in other protozoan parasites, several leishmanial proteins, including membrane-
associated protein inhibitors expressed on Leishmania amazonesis complement-resistant
promastigotes (GP63, GP46) and inhibitors of serine proteinase (ISP) are involved in the
modulation or inhibition of the host’s complement system by different mechanisms during
Leishmania infections. Alterations in lipophosphoglycan (LPG) structure also modulate the
susceptibility of Leishmania metacyclic promastigotes against the complement. It seems that
a developmental change in the LPG inhibits the integration of C5b-9 into the metacyclic
promastigotes membrane doing them less susceptible to complement lysis [95,96]. Further-
more, recent data suggest that L. amazonensis metacyclic promastigotes are able to repair
the lytic pores induced by MAC facilitating parasite survival against the lytic effect of the
complement [95].

In addition, a protein kinase-1 (LPK-1) isolated from L. major promastigotes might
phosphorylate C3, C5, and C9. Interestingly, phosphorylated C3 had been described to
be more resistant to cleavage by trypsin than non-phosphorylated C3 [97]. Therefore,
such a phosphorylation probably regulates the susceptibility of complement components
to proteolytic cleavage, leading to protease protection and complement activation and
parasite lysis. Leishmania promastigote surface antigen 2 (PSA-2) in cooperation with
proteophosphoglycan (PPG) (sharing leucine repeat motifs with PPG) can attach to the
CR3, thus facilitates the parasite invasion into the host cells. Since Leishmania LPG, PPG,
and PSA-2 biomolecules are expressed both in secretions and as membrane-bound proteins,
more investigations might confer a complement evasion function for PSA-2 in Leishmania
parasites [98,99].

During the infectious process, it has been recently described that the promastigotes of
the L. infantum, L. braziliensis, and L. amazonensis hijack the FH (and probably FH-related
proteins), as cofactor for FI-mediated C3b cleavage. Although this strategy is similar to
that of GP63 (through C3b inactivation), they work in independent ways. The parasitic
protein GP46 is considered as a plausible target that interacts with FH. It seems that
the enhancement of Leishmania survival during infection is related to C3b inhibition or
inactivation, the presence of Phlebotomus salivary complement inhibitors and the ability to
decrease the complement levels by less resistant parasites [100].

Table 2 represents different mechanisms of action used by some protozoan parasites
(including Plasmodium, Trypanosoma and Leishmania spp.) during their interaction with the
host’s complement systems.

Table 2. Interaction of protozoan parasites with the host’s complement systems through different
mechanisms.

Biomolecules, Proteins,
Receptors Mechanism of Action to Inhibit Complement References

Plasmodium spp.

MSP3.1 The inactivation of C1s and mucin-associated surface
protein-2 (MASP-2) through C1-INH [32]

Mannosyltransferase (PIG-M) Employing CD59 to decrease C9 polymerization
on the cell surface by binding to C8a and C9 [101]
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Table 2. Cont.

Biomolecules, Proteins,
Receptors Mechanism of Action to Inhibit Complement References

T. cruzi

Calreticulin (TcCRT)
Interacts with L-ficolin and preventing C4 conversion to

C4b, interacting with C1q collagen-like domain (inhibiting
both the classical and lectin pathways)

[5,14,77,79,95,102–105]

T. cruzi complement regulatory
protein (TcCRP)

Binding to C3b and C4b and inhibiting the formation of the
classical and alternative complement C3 convertase

T. cruzi complement C2 receptor
inhibition trispanning (TcCRIT)

Blocking C2 cleavage by C1s or MASP-2 into C2a and
inhibiting C3 convertase formation, hijacking C2

(modulating the activation of the lectin and classical
complement pathways)

Trypomastigote
decay-accelerating factor

(T-DAF)

Mimicking the activity of the complement regulatory
protein DAF, blocking C3 and C4, accelerating the

dissociation or assembly of C3 convertases
(modulating/inhibiting the activation of the alternative,

classical, and probably the lectins pathways)

Glycoprotein 58/68

Preventing the formation of cell-bound C3 convertase
(decay-accelerating activity) by inhibiting the initial

association of factor B (FB) to surface fixed C3b, attaching to
human complements C3b and C4b to prevent the activation

of the complement)

Membrane-derived vesicles
(microvesicles)

Inhibiting the classical and lectin pathways by binding to C3
convertase C4b2a on the parasite surface and decreasing its

catalytic activity

N- and O-glycosylated
biomolecules

To inhibit activation of the lectin complement pathway
through L-ficolin, H-ficolins, and mannose-binding lectin
(MBL) (resulting in the failure of MASP-2-induced C2 and

C4 cleavage)

GP72 Inhibiting the formation of the C3 convertase in the
alternative pathway

GP160

As a member of the C3/C4 binding family of complement
regulators: Inhibits the formation of the alternative and
classical C3 convertase (preventing the activation of the

complement cascade)

Leishmania spp.

GP63
Cleaving parasite-bound C3b into inactive form iC3b,

(prevent the formation of C3 and C5 convertase and the
MAC-mediated lysis of the parasite)

[5,95,106,107]

GP46 (as a
membrane-associated protein

inhibitors expressed on L.
amazonensis

complement-resistant
promastigotes)

Inhibiting the lytic activity of AP, impairing C9, but not C3,
attaching to complement-activating complex (probably

block the complement activation after C3b deposition and at
the stage of C9 deposition)

[95,108]

Inhibitors of serine proteinase
(ISP) (L. donovani)

Interacting with host C1r, C1s, MASP-1 and MASP-2,
preventing the formation of CP and LP initiators

(preventing the formation of C3 convertase, decreasing the
production of the anaphylatoxins C3a and C5a)

[5,95,109,110]

Casein kinase 1 isoform 2
(CK1.2)

Interacting with C3a and modulating complement system
and inducing immune evasion [97,111]
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2.6. Growing Evidences Supporting Complement Modulation by Entamoeba, Giardia and
Trichomonas spp.

Several proteins from other pathogenic protozoa such as Entamoeba histolytica, Gi-
ardia lamblia and Trichomonas vaginalis involved in complement modulation and related
mechanisms have been identified. E. histolytica galactose and N-acetyl-D-galactosamine
(Gal/GalNAclectin) protein prevents the formation of MAC in the parasite membrane and
secretory cysteine-proteases inhibiting the anaphylatoxins C3a and C5a [95]. In addition, E.
histolytica exports the host FI cofactor CD46 and the MAC inhibitor CD59 to the outer of
their plasma membranes [112]. This parasite also removes the lytic pore (induced by the
secretion of acid sphingomyelinases from lysosomes) on the plasma membrane through en-
docytosis or probably by detaching from the plasma membrane through vesicular budding
and consequently evades the host’s complement system [95].

During giardiasis, the upregulation of IL-17A is required for the release of IgA into the
lumen of the host intestine, for the production of antimicrobial peptides and the regulation
of complement activation [113]. Detailed steps of such a process remain unclear although it
could be postulated that Giardia parasites might use sophisticated strategies to induce the
complement evasion.

Interestingly, after Trichomonas vaginalis infection the parasite acquires CD59 from vari-
ous host cells (such as RBCs) to decrease C9 polymerization and to modulate complement
system [114].

3. Potential Targets Based on Protozoa-Host’s Complement Interactions to Manage
Neglected Diseases

It is clear that the antibody response together with the complement cascade could be an
important contributor to natural acquired immunity against protozoan parasites leading to
an effective complement attack [7,16,21]. Relevant vaccine antigens and humoral responses,
such as anti-CSP antibodies, including IgG1, IgG3, and IgM, can fix the complement system
and activate the CP pathway [115–117]. Thus, humoral responses are expected to include
complement-fixing antibodies to neutralize the parasites. Therefore, different and mul-
tiple targets for complement fixing antibodies on different life cycle stages of protozoan
parasites (P. falciparum reticulocyte binding protein homologue 5 (PfRH5), PfRH2, glyco-
sylphosphatidylinositol (GPI)-anchored micronemal antigen (GAMA), merozoite surface
protein duffy binding ligand 1 (MSP-DBL1), MSP2-3D7, erythrocyte-binding antigen 175
(EBA-175), EBA140 in merozoite and Pfs230 in gametocytes of Plasmodium) further increase
the potentiality of the vaccine cocktails for the induction of complement-mediated anti-
body responses able to further reduce the possibility of complement resistance of parasitic
antigens [21,118]. The involvement of complement-fixing antibodies in the mechanism
action of the most advance malaria vaccine RTS,S and in a whole sporozoite-based vac-
cine (Sanaria PfSPZ) further highlight the prominent role of the antibody response in a
complement-dependent in designing effective vaccines [117,119,120].

The use of subunit vaccines, including invariant flagellum antigen from T. vivax (IFX)
has shown that the recombinant monoclonal antibodies to this protein (anti-IFX antibodies)
induce sterile and long-lasting immunity and inhibit parasite replication through different
mechanisms of antibody-mediated immunity, especially the dominant role of complement
system [121]. In passive protection experiments the authors demonstrated that a mutation
in the host C1q binding site approximately restored the inhibition of parasite growth,
suggesting that C1q-mediated complement recruitment is a crucial protective mechanism
of this vaccine. Accordingly, it seems that more investigations on the vaccine mechanisms
related to the complement system can further increase the efficacy of vaccine strategies
against intracellular protozoan parasites, such as trypanosomes.

As aforementioned, the VSG coat is highly antigenic in African trypanosomes and
induces robust anti VSG-specific antibodies, participating in the opsonization and parasite
lysis mediated by the complement. It is well known that some trypanosomes (T. brucei) are
resistant to lysis mediated by the complement, and this event is triggered by coating of VSG
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on the surface of the parasite [87,88,90]. T. brucei major surface proteases (TbMSPs) and
other enzymes, such as Phospholipase-C (PLC), are responsible for the cleavage and release
of VSG from the parasite surface. Accordingly, the use of TbMSPs and TbPLC inhibitors or
TbMSPs and TbPLC-gene knockout methods could be an attractive strategy to inhibit the
release of VSG molecules and subsequently to block the mechanism of antigenic variation.
These approaches might then drive to the chronicity of infection, a better management of
the parasite–host interaction and finally the development of novel therapeutic strategies,
inhibiting or selective regulating the release of VSG and manipulating the complement
system to decrease or abolish the parasitemia [122,123]. However, the mechanisms of action
and regulation of TbMSPs of T. brucei are still elusive and will need more experiments. In
addition, vaccination with important antigens for the modulation and neutralization of the
host complement system, such as MSP and PLC, might generate monoclonal antibodies
that interfere or block the VSG shedding mechanisms in African trypanosomes [123].

Regarding therapeutic interventions, the recruitment of complement regulatory pro-
tein FH is probably the most complement-inhibiting mechanism in different pathogens,
especially intracellular pathogens, including protozoan parasites [7,8,124]. Thus, several
strategies, including (i) interference with pathogen sialic acid expression (using sialic acid
analogs unable to recognize FH), (ii) usage of competitive inhibitors to functionally disable
factor H binding proteins (FHBP), (iii) identification of factor H-Fc fusion proteins leading
to receptor-mediated phagocytosis, and (iv) use of inhibitors to restrict conformational
change of FHBP essential to augment their binding to FH could be considered therapeutic
insights in clinical approaches [8].

Recent data propose that the natural change in FH plasma levels correlated with
malaria severity and susceptibility. Thus, the interference on the binding of FH to P.
falciparum parasite might be utilized for malaria prevention or treatment [125]. Additionally,
the protozoan parasites (such as T. brucei) express distinct receptors on their surface that
might exploit the mammalian FH to enhance parasite transmission to their insect vectors.
This phenomenon allows the inhibitory domains of FH to remain free and to further
inhibit complement C3b deposited on the parasite surface [126]. Accordingly, the design of
some inhibitors or specific antibodies against such proteins (FHB parasite receptors) might
suggest novel therapeutic strategies against protozoan parasitic transmission.

Several other parasitic proteins including Pfs47, GAP50, and PIMMS43 can facili-
tate Plasmodium parasites transmission in mosquitoes by its capability to modulate the
insect complement-like immune system. Thus, the identification of such proteins and
their receptors on midgut cells from different protozoan parasites vectors might facilitate
biological therapeutic insights and transmission-blocking vaccines. In this sense, some
vaccine candidates including Pfs25 and Pfs25-IMX313/Matrix-M (IMX313 as a hybrid of
the oligomerization domain of chicken complement inhibitor C4-binding protein -C4bp-)
have been described as plausible malaria transmission-blocking candidate vaccines [127].

When dealing with American trypanosomiasis, T. cruzi trypomastigotes are normally
resistant to complement-mediated lysis once treated with trypsin and sialidase. Interest-
ingly, their susceptibility to the complement-mediated death increased in human serum.
These data indicate that parasites hijack FH through surface-bound sialic acid with an
unknown mechanism [128].

On the other hand, T. gondii probably recruits FH through the expression of heparan
sulfated proteoglycans or sialic acid [50]. Some vaccines had been approved based on the
FHBPs against group B meningococcus [129]. Besides activating the complement system,
FHBP-specific antibodies can block the binding site for FH, leading to an increased pathogen
susceptibility to removal through the alternative pathway [7,29]. This vaccine strategy
has been appropriately described and developed in bacterial infections compared to other
infections. However, some of the parasitic proteins expressed on different developmental
life cycle-stages of parasites (including MSP3.1, GPI and Pf92 in P. falciparum (as FHBPs))
can also exert pivotal functions in binding or attachment of the parasite to the complement
regulatory proteins such as FH and FHL-1 [7].
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It is known that T. gondii disrupts the TJ of BBB and facilitates parasite to pass into the
CNS mediated by the crucial role of complement components such as C3 [53,54]. Since the
overexpression or overactivation of different complement components (or parasite-host’s
complement interaction) has been reported in Toxoplasma (Table 1) [51,53,63], the pharma-
cological or genetic suppression of such critical complement components may decrease the
damage in the host and suggesting a therapeutic opportunity. However, the complement
cascade probably induces other different balances in the brain physiology (crucial home-
ostatic roles in the CNS, such as the elimination of apoptotic cells, and toxic substances,
cell debris, etc.) and also plays a double-edged sword in the toxoplasmosis pathogenicity
and immunity [12,130]. Therefore, more studies are required to identify specific inhibitors
based on this hypothesis. Since an association was found between C3 concentration and the
number of abortion during Toxoplasma infection in pregnant women [131], this information
might also be insightful for designing therapeutic targets or diagnostic tools in congenital
toxoplasmosis. In addition, Toxoplasma infection can increase neural cell death, alteration in
neural gene expression and the release of inflammatory mediators in neurospheres [132].
Thus, this infection could be correlated with psychiatric diseases and human CNS disor-
ders including Alzheimer, dementia, depression and schizophrenia [54,133–136]. On the
other hand, due to the overexpression of complement components in Toxoplasma-infected
brain [53,63], and the upregulation of C1q, C3, and C4b in some mental disorders including
schizophrenia, alzheimer’s disease, aging and multiple sclerosis [54,137–140], it could be
interesting to focus on therapeutic studies that share more information regarding the possi-
ble correlations between parasitic disease including toxoplasmosis and mental disorders
and their association with the complement system.

Other several parasitic proteins or antigens have been also described as proteins
that might regulate the host’s complement system, suggesting as plausible therapeutic
targets. The levels of CK1.2, expressed in Leishmania parasites, could be correlated with
the infection and host cell immune response subversion. Leishmania CK1.2 can directly
phosphorylate human complement component C3a or the human interferon alpha and
beta receptor subunit 1 (IFNAR1) and consequently suppresses immune responses. In this
sense, the use of CK1 inhibitors remarkably decreased or blocked the growth of Leishmania
parasites [97,111,141]. SPECT1 and SPECT2 (sporozoite microneme protein essential for
cell traversal) have been described as Plasmodium sporozoites proteins essential for cell
traversal during the infection. SPECT2 carries a MAC/perforin-related domain to induce
pores -mediated by complement components- in the infected host cell membrane probably
allowing the sporozoites to cross the hepatocytes [142–144]. Therefore, the design of
inhibitors against these crucial parasitic proteins, might be therapeutically useful. Moreover,
P. falciparum LCCL domain-containing protein 1 (PfCCp1) (belonging to a multi-domain
protein family called the LCCL domain-containing proteins -CCp- or LCCL/lectin adhesive-
like proteins -LAPs-) inhibits the activation of the classical complement pathway and
down-regulates effector responses of dendritic cells, highlighting a major role for PfCCp1
and related proteins in modulating the host’s immune or complement system and parasite
evasion [145,146]. Although this parasitic protein seems to be a putative therapeutic target,
another study showed that CCp/LAP knockout parasites progressed similar to wild-type
parasites in asexual and sexual stage development, probably indicating the primary role
of these proteins is unlikely to be related to the parasite evasion from the complement
system or the presence of redundant mechanisms [146]. More investigations are required
to corroborate the therapeutic function of these proteins in malaria infection.

4. Concluding Remarks and Future Perspectives

The complement system can induce both beneficial and deleterious functions in par-
asitic infections. For instance, the complement system plays both valuable and harmful
functions during Leishmania infections. In fact, the complement mediates lysis by MAC
(parasite elimination), whereas opsonization via C3b/iC3b increases phagocytic activity
(inducing parasite internalization and survival) [100]. Different pathogens including proto-
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zoa may develop strategies to evade complement and to neutralize the complement lysis or
killing effects. Currently, complement evasion has been highlighted as an essential strategy
in the parasite–host interaction and during the progression of protozoan parasitic infections.
It seems that the mimicking or hijacking of the complement components is a prominent
and common phenomenon used by the abovementioned parasites.

Since protozoan parasites have several strains and multiple developmental life cycle
stages; their mechanisms of action against the complement system are also different and
most probably redundant. For instance, different strains of Trypanosoma parasites can
express different complement receptors or complement-inhibiting proteins (such as CRP,
T-DAF, and CRIT) and restrict different pathways (e.g., classic, alternative and lectin) of the
complement [78]. Moreover, the expression of various surface proteins in different Toxo-
plasma strains may affect the activation of the complement system and C3b deposition [50].
Furthermore, hosts (humans versus animals) and the microenvironmental conditions seem
to influence parasite–complement cascade interactions (parasite complement evasion or
susceptibility or resistance to complement). Therefore, such mechanisms of complement
resistance or evasion of several protozoa are different compared with those described in
their insect vectors.

The identification of the source of parasitic antigens that interact with and modulate
the host’s complement system should also be addressed and investigated for a better un-
derstanding of the biological aspects of parasite–host complement interactions, designing
more effective vaccines, and identifying drug targets. Interestingly, EVs (MVs or exosomes)
release by different pathogens including intracellular protozoa and subsequently transfer
multiple virulence factors and biomolecules to host cells, driven to the alteration of host’s
susceptibility to infection [81]. Different protozoan parasites (and their relevant strains)
might exhibit diverse grades of resistance and sensitivity to complement-mediated lysis
through shedding different levels of MVs, thereby produce heterogeneous phenotypic
effects during infections [84]. Some biomolecules, including GP82, GP85 and GP63, isolated
from EVs of trypanosomatids, exert crucial functions in the communications between para-
sites and the host complement system. For example, GP82 probably modulates the host
immune system and facilitates cell attachment and regulates the host complement system
in T. cruzi infection. It was also described that GP85 can modulate transforming growth
factor beta (TGF-β)-bearing EVs released from host cells, leading to T. cruzi escaping the
complement attack. Moreover, GP63 induces Leishmania parasites (L. donovani) evasion
by modulating complement mediated lysis and enhancing parasite phagocytosis [82,103].
Several proteins, including TS/gp85 superfamily members (gp85/Trans-Sialidase Super-
family of Glycoproteins), α-galactosyl-containing glycoconjugates, proteases, MASPs, and
cytoskeleton proteins, have also been detected as the main components of the T. cruzi-
derived vesicles [147]. More data are needed to corroborate their interaction with the host’s
complement system. Thus, due to the important role of EVs and MVs in the immune
evasion of parasites (such as trypanosomatids) [103] and also the abovementioned infor-
mation, the identification of such biomolecules that have originated from EVs and MVs
can further suggest the potential role of such excretory-secretory fractions of parasites in
the recognition of parasitic proteins that regulate the host’s complement during parasitic
infections.

Considering the expression of different polymorphisms in complement components,
such as complement regulator proteins (FH and CR1 polymorphisms) [11,148,149], the
potential implications of these variations on complement evasion mechanisms of the
parasites should be also analyzed in future studies and further developed as an interesting
challenge during parasitic infections. In contrast to this event, different pathogens including
protozoan parasite might also exhibit different motifs in their pathogenic-antigens to update
their interactions with complement components (to improve the evasion mechanism) [150].
More investigations and data are required to confirm these insights during protozoan
parasitic infections.
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The use of modern proteomic-based approaches might shed light on the pathogen
or parasite-host’s complement interactions by recognizing novel essential molecular inter-
actions, serving as targets to deal with infections [151]. The analysis of the proteome of
MVs released by T. cruzi trypomastigotes indicated that T. cruzi-MVs contain complement
resistant proteins, such as calreticulin [152]. Interestingly, the use of proteomics has also
elucidated the upregulation of several complement components factors, such as C1q and C3
in Toxoplasma-infected brain tissues and their correlations with parasite pathogenicity [53].
Interestingly, using immunoproteomic techniques, C1QBP (complement component 1 Q
subcomponent-binding protein) has been identified in L. infantum amastigotes extracted
from infected macrophages [153]. Very recent information has shown that Toxoplasma-
rhoptry protein 1 (ROP1) interacts with the host cell protein C1QBP and probably induces
parasite immune evasion. ROP1 can alleviate C1QBP and the absence of ROP1 enhances
the susceptibility to interferon gamma (IFNγ)-mediated restriction. Therefore, ROP1 and
C1QBP are crucial for higher resistance to IFNγ-mediated restriction [154]. Moreover, since
different lipoproteins increase pathogen survival by binding or inactivating complement
pathways [92]; the use of different proteomic techniques can reveal more information
regarding the structure and function of pathogenic antigens and complement components
and consequently the pathogen–host’s complement interaction [155].

The intracellular activation of complement system (complosome) may also affect cru-
cial intracellular signaling pathways, facilitating pathogen deletion [95]. These important
intracellular functions of complement cascade have not been appropriately described in
pathogens, including protozoan parasites, therefore, further studies need to be performed.
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