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Abstract
The complement system plays a dual role in the body, either as a first-line defense barrier when balanced between activation 
and inhibition or as a potential driver of complement-associated injury or diseases when unbalanced or over-activated. C4b-
binding protein (C4BP) was the first circulating complement regulatory protein identified and it functions as an important 
complement inhibitor. C4BP can suppress the over-activation of complement components and prevent the complement 
system from attacking the host cells through the binding of complement cleavage products C4b and C3b, working in concert 
as a cofactor for factor I in the degradation of C4b and C3b, and consequently preventing or reducing the assembly of C3 
convertase and C5 convertase, respectively. C4BP, particularly C4BP α-chain (C4BPα), exerts its unique inhibitory effects 
on complement activation and opsonization, systemic inflammation, and platelet activation and aggregation. It has long been 
acknowledged that crosstalk or interplay exists between the complement system and platelets. Our unpublished preliminary 
data suggest that circulating C4BPα exerts its antiplatelet effects through inhibition of both complement activity levels and 
complement-induced platelet reactivity. Plasma C4BPα levels appear to be significantly higher in patients sensitive to, rather 
than resistant to, clopidogrel, and we suggest that a plasma C4BPα measurement could be used to predict clopidogrel resist-
ance in the clinical settings.

Key Points 

The complement inhibitor C4b-binding protein alpha 
may contribute to platelet inhibition through its comple-
ment inhibitory effects.

Plasma C4b-binding protein alpha levels may be a 
promising biomarker to predict clopidogrel resistance in 
patients with coronary artery disease.

Altered C4b-binding protein alpha expression levels may 
also be used to predict other severe clinical conditions.

1 Introduction

The complement system is an important component of the 
innate host defense system, through recognition of invad-
ing microbes (such as bacteria and viruses) and uncleared 
cell debris (such as apoptotic and necrotic cells, misfolded 
proteins, and released DNA), against microbial invasion 
(infections) and for enhanced opsonization, inflammation, 
cytolysis, phagocytosis, or clearance in addition to enhanced 
adaptive immunity [1, 2]. As a “complemented” component 
for antibodies, complement is a double-edged sword, play-
ing a dual role, either as a first-line barrier of the normal 
physiological defense or doing harm when activation and 
inhibition are unbalanced or the system prefers to be over-
activated. It is well recognized that there are more than 40 
proteins that can be counted as family members of the natu-
ral complement system [1], including C1q, C3, C4, C4b-
binding protein (also known as C4BP), and C5.

Complement activation is the result of an aggressive 
proteolytical cascade, working in concert with one another 
but under tight control of several complement inhibitors, 
and thus, the final outcome of any scenario will generally 
depend on the balance between complement activation and 
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inhibition, and which complement pathway(s) and compo-
nents are over-activated [1, 2]. The complement system can 
be activated via three major routes: the classical, lectin, and 
alternative pathways (see Fig. 1 for details) [1–3]. For exam-
ple, the classical pathway is initiated with complement com-
ponent C1 as its initiator or initial recognition molecule and 
is activated in turn by the cleavage of a certain complement 
component (such as C2 and C4) in a cascade-like manner. 
However, all complement activation pathways converge at 

the formation of the two distinct subtypes of complement C3 
convertases; one is C4b2a for the classical and lectin path-
ways, and the other is C3bBbP for the alternative pathway 
(see Fig. 1) [1–3]. The C3 convertases initiate the cleavage 
of complement component C3 to C3a (a major anaphyla-
toxin) and C3b (a complement activation product) [1–3]. As 
the complement cascades proceed, two distinct complement 
C5 convertases (C4b2a3b and C3bBbBbP) are formed, facil-
itating the cleavage of complement component C5 to C5a 

Fig. 1  Three major pathways of complement activation cascade. 
The complement system is primarily activated via the classical 
(CP), lectin (LP), and alternative (AP) pathways. Under normal 
physiological situations, the complement system is well balanced 
between activation and inhibition, both of which are fine turned by 
an array of intrinsic complement inhibitors, including C1 inhibitor 
(C1-INH), C4BP, factor H (FH), factor I (FI), CD35, CD46, CD55, 
CD59, and clusterin. From these cascades, elimination of C1q and/or 
C3 would prevent and/or reduce the assembly of the C3-convertases 
and C5-convertases, as well as the generation of C3a and C5a, and 
even suppress the almost entire complement system. If this is the 
case, blocking the cleavage of C5 would be more specific and pre-
cise than blocking the cleavage of C3 because C3 is common for or 
shared with all complement cascades and that C5 is downstream of 
C3. Further, C5, C5a, and C5aR would be important therapeutic tar-
gets for upstream imbalance and over-activation of the complement 
system. Of them, C5a is the most potent activator of an inflamma-
tory response and the most pathogenetic mediator. If C5a is the only 
mediator or cytokine, suppression of the C5a/C5aR axis would be 
scientifically sound to keep the C5b-9 intact and the complement 
system activated constitutively for essential innate immunity, such 
as necessary opsonization, phagocytosis, or efficient defense against 
microbial invasion or injury. C1-INH is the first regulatory protein in 
the classical and lectin complement pathways with a broad-spectrum 
activity of serine protease inhibitor. C4BP is the second regulator in 
the classical pathway, and serves as a cofactor for FI in the cleavage 

and inactivation of C4b, and, to a lesser extent, C3b, in addition to 
accelerating the decay of C3 convertase. FH, as the most important 
complement regulatory protein present in the alternative pathway, 
is similar to C4BP of the classical pathway, primarily binding and 
inactivating C3b. FI is responsible for cleavage and inactivation of 
C3b to iC3b (an opsonin). CD35 (complement receptor 1, CR1) is a 
cofactor for FI that cleaves C3b to iC3b and enhances inactivation of 
C3b through binding C3b, C4b, and, to a lesser extent, C1q, respec-
tively, and thus, a very efficient C3 inhibitor. CD36 (membrane cofac-
tor protein, MCP) and CD55 (decay-accelerating factor, DAF) are a 
protective regulator of C3b activity on the cell surface, inhibiting at 
the C3 level. Bb (a cleavage product of factor B) is one of the cleav-
age fragments of factor B present in the alternative pathway (Ba and 
Bb). P, abbreviated for properdin, is the only one regulatory protein 
that enhances complement activation for its amplification loop as a 
positive regulator or activator, in addition to enabling more C3 cleav-
age and activation due to extension of the C3 convertase’s half-life. 
iC3b, or inactive C3b, is generated from the cleavage and inactivation 
of C3b. CD59 can bind C8 and C9, inhibiting the C8 and C9 inser-
tion into the cell membrane, preventing final assembly of the com-
mon C5b-9 complex, and consequently blocking the formation of 
lytic pore and lysis of self-cells as well as destruction. Clusterin, one 
of the 5 most abundant transcripts in human platelets, can bind and 
inactivate the final MAC complex (C5b-9) at the cytolytic stage of the 
complement activation.  Adapted from Garred et al. [1]



191C4BPα as a Biomarker of Clopidogrel Resistance

(another important anaphylatoxin) and C5b (complement 
activation product) [1–3]. Ultimately, deposition of activated 
C5b on the surface of target cells triggers the formation of 
the common complement terminal complex C5b-9 (termed 
membrane attack complex, or MAC), leading to the forma-
tion of a cytolytic pore and consequently, lysis of opsonized 
cells or microbes [1–3].

To minimize or avoid the occurrence of uncontrolled 
complement activation that will lead to severe damage of 
the host cells and tissues, complement activation needs to be 
tightly regulated by the fluid-phase (soluble) and membrane-
bound complement inhibitors, including C4BP, C1 inhibitor 
(C1-INH), factor H (FH), factor I (FI), and clusterin (see 
Fig. 1). Of these, C4BP is a soluble complement inhibitor 
of the classical and lectin complement activation pathways 
[3]. In this mini-review, we briefly summarize and discuss 
current knowledge and future perspectives of the comple-
ment system and C4BP, we also highlight the possible use 
of C4BPα as a novel biomarker to predict clopidogrel resist-
ance and for the prognosis of other severe clinical manifesta-
tions in future patient care.

2  C4BP: Past and Present

The C4BP is one of the largest plasma glycoproteins (570 
kDa) and circulates in the blood at estimated plasma lev-
els of 150–200 µg/mL [4–8], it is rapidly cleared from 
the blood with an elimination half-life of 10 hours [3]. 
As a circulating plasma protein, it is synthesized pre-
dominantly in the liver [9–13], and to a lesser extent, in 
the pancreas [3], epididymal epithelial cells [10], and the 
fetal lung [14], and is secreted into the blood. Structur-
ally, C4BP is a large heterogeneous polymeric glycopro-
tein, and exists in several isoforms having different com-
binations of 75-kDa polypeptide (α-chain) and 40-kDa 
polypeptide (β-chain) [3]. The α-chains and β-chains con-
tain eight [9, 15] and three [15] identical complement 
control protein (CCP) repeats, respectively (see Fig. 2a). 
In humans, the major isoform of C4BP (75–80% of C4BP 
in plasma) refers to C4BP α7/β1, and other less abundant 
forms include α6/β1, α7/β0 (lacking β-chain, and seven 
α-chains present only), or α6/β0 [15]. Of these, the C4BP 
α7/β1 molecule comprises seven identical α-chains and 
one unique β-chain (see Fig. 2a), with all the α-chains 
being covalently linked to one another in their C-terminal 
extensions where the two cysteine residues link the differ-
ent chains by interchain disulfide bridges [9, 16] to form 
intracellular polymerization of the molecule. The C4BP 
molecule is assembled in the endoplasmic reticulum [17]. 
In contrast, the β-chain subunit is not required for polym-
erization of the α-chains [18], but contains a high-affinity 
binding site for the vitamin K-dependent protein S (also 

known as PS) [19, 20] and all β-chain-containing C4BP 
molecules (α7/β1 and α6/β1) in plasma circulate in com-
plex with PS [5] (see Fig. 2a), which helps localize the 
C4BP-PS complex to the cell surface through binding of 
the Gla domain of the PS to negatively charged phospho-
lipids of cell membrane [15, 18]. All C4BP molecules 
display a spider-like or octopus-like shape [5, 16, 19, 
21], with each of the extended tentacles being formed by 
an α-chain, as visualized by a high-resolution electronic 
microscopy [5]. The isoform pattern is based on the dif-
ferential expression of the two genes encoding α-chains 

Fig. 2  Major structure of human C4BP (a) and C4BPα (b). The rep-
resentative structure model of human C4BP is composed of seven 
identical α-chains and a single unique β-chain. As for each α-chain, 
it is composed of eight complement control protein (CCP) repeats (or 
domains), in which CCP1-3 repeats bind C4b, and CCP1-4 repeats 
bind C3b. As for the β-chain, CCP1 binds protein S (PS)
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and β-chains (C4BPA and C4BPB). The expression is 
dependent on a variety of factors [22], for example, dur-
ing the acute-phase reactions (such as sepsis, trauma, or 
systemic inflammation), the synthesis of the α-chains, 
rather than of the β-chains, increases, and as a result, the 
plasma levels of the isoforms of C4BP lacking a β-chain 
(i.e., α7/β0 and α6/β0) increase, but the levels of β-chain-
containing C4BP isoforms (i.e., α7/β1 and α6/β1) remain 
relatively stable [23]. One of the acute-phase reactants, 
plasma C4BP, (predominantly C4BPα), was found to be 
significantly elevated during inflammation [6, 23–26] and 
surgery [27], consistent with enhanced secretion of C4BP 
in HepG2 cells upon stimulation by interleukin-6 (IL)-6 
and tumor necrosis factor alpha (TNFα) [19, 28], both of 
which are known to be modulators of acute-phase reac-
tants [29, 30]. Moreover, C4BP lacking the β-chain (i.e., 
C4BPα) was significantly elevated in response to inflam-
mation [3]. When incubated with necrotic cells in the 
presence of C4BP-deficient serum, THP-1-derived mac-
rophages released excessive TNFα, which was reversed 
by purified C4BP [31]. These data demonstrated that 
C4BPα is an acute-phase reactant protein in the body, 
and that C4BPα suppresses the proinflammatory potential 
of necrotic cells and complement involved, exhibiting an 
anti-inflammatory effect.

C4BP, through direct binding to activated comple-
ment cleavage fragment C4b and further restricting its 
function, decreases the assembly of the C4b2a complex 
(one of the two distinct C3 convertases) of the classical 
and lectin pathways and subsequently the assembly of 
the C4b2a3b complex (one of the two distinct C5 con-
vertases), and consequently, the assembly of MAC (see 
Fig. 1 for details). In addition, acting as a cofactor to 
FI (a serine proteinase) in the proteolytical inactivation 
of soluble and membrane-bound C4b [21, 32–35], C4BP 
prevents the assembly of the classical C3 convertase 
[36]; and acting as a cofactor to FI in the cleavage of 
activated complement fragment C3b in the liquid phase, 
C4BP also suppresses the alternative pathways of the 
complement activation cascade [37], which is regulated 
mainly by FH, another soluble complement inhibitor [2]. 
Further, C4BP increases the dissociation of the enzyme 
complexes, accelerating the natural decay of the classical 
C3 convertase (C4b2a complex) [34, 38]. Clearly, C4BP 
has an important inhibitory effect on complement acti-
vation, resulting in significant decreases in the activity 
levels of C3 and C5 convertases, C3b/iC3b deposition and 
associated opsonization, release of complement-derived 
anaphylatoxins (C3a and C5a), and the formation of 
MAC, and consequently, leading to attenuated lysis and 
clearance of dying cells, misfolded proteins, and released 
DNA fragments, as well as C3a-induced and C5a-induced 
systemic inflammatory reactions [1, 2].

3  C4BPα: Pointers to Complement Inhibition

As a peptide encoded by the gene C4BPA that is localized at 
1q32 [39, 40], C4BPα contributes to complement inhibition 
[37, 41–43] when the CCP1-3 domains of C4BPα bind the 
activated C4b fragments [36, 43–45] (see Fig. 2a). Upon 
binding of C4b to the α-chains, C4b is converted to a sub-
strate for FI, which cleaves and inhibits C4b when it is bound 
to C4BP [46]. Moreover, the CCP1-4 domains of C4BPα are 
the binding sites of C3b for its subsequent proteolysis [15] 
(see Fig. 2a), leading to a decrease in the unbound form of 
C3b in the blood [37]. Therefore, C4BPα expression levels 
can negatively regulate the assembly of all C3-convertases 
and C5-convertases through binding to and degradation of 
complement activated fragments C4b and C3b (see Figs. 1 
and 2). These observations demonstrated that C4BPα exerts 
its inhibitory effects on the entire complement cascades, 
directly and indirectly.

4  Crosstalk Between C4BPα and Platelets

It is well known that there are complex interactions between 
coagulation and complement systems [47–51]. Blood coagu-
lation can activate the complement system through a plate-
let-dependent mechanism [52, 53]. Platelet activation leads 
to complement activation [54, 55], and conversely, activated 
complement components (such as C3a) can induce platelet 
activation and aggregation [56–58], such as in the trauma 
setting.

4.1  Direct Effects of the Complement Components 
on Platelet Activation and Aggregation

As discussed above, all three complement pathways con-
verge at the cleavage of C3 to C3a and C3b (see Fig. 1), 
and complement C3 is thought to be at the center of the 
complement activation cascade. Therefore, the effects of 
C3 on platelets can be demonstrated in C3-deficient mice 
[59]. When compared with wild-type (WT) littermates, 
C3-deficient mice exhibited pronounced prolongation of 
tail-cut bleeding time, attenuation of platelet aggregation 
induced by the PAR4 (protease-activated receptor 4) peptide 
(but not by ADP or collagen), delay of thrombus formation 
in arterioles, and a reduction in thrombus stability, but an 
increase in embolism events [59, 60]. Further, platelets iso-
lated from WT mice aggregate less in C3-deficient plasma 
than in normal plasma, but the addition of plasma from WT 
mice or plasma-purified C3 can restore attenuated aggrega-
tion of C3-deficient platelets [59]. However, clinical studies 
have demonstrated that complement activation in healthy 
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donor or trauma sera can trigger significant platelet aggre-
gation in respective platelets when incubated with activated 
healthy donor or trauma sera (non-activated vs activated) 
through an increase in SFLLRN (a thrombin receptor-
activating peptide)-mediated  [Ca2+]i flux in platelets, but 
that C3a-depleted or C4d-depleted trauma sera lead to a 
marked reduction in platelet aggregation (depleted vs non-
depleted) [58]. These results demonstrated that C3 activation 
can enhance platelet activation and aggregation, and conse-
quently thrombus formation, but that inhibition of C3 can 
suppress platelet aggregation and increase the bleeding risk. 
In other words, C3 is crucial for direct platelet activation, 
aggregation, and iC3b deposition on the platelet surface as 
well as fibrin formation in vivo.

4.2  Platelets as a Target of the Complement System 
via C3aR and C5aR

Platelets contain complement C3 and C5 proteins and mes-
senger RNA that originate from megakaryocytes [61]. C3 
and C5 stored in the granules of platelets can be translo-
cated to the platelet surface or even released into the blood 
upon platelet activation and degranulation [61] (see Fig. 3 
for details). Activated platelets can induce activation of 
the complement cascades in the blood, further potentiat-
ing complement activation. When C3 is cleaved to C3a and 
C3b by C3 convertases, C3 is activated. When added into 
the gel-filtered or washing human platelet preparations at a 
concentration of 2 ×  10-12 M or 10 µM, C3a or ADP alone 
failed to induce platelet activation or aggregation; however, 
concomitant use of C3a and ADP induces platelet aggre-
gation in the gel-filtered platelets synergistically [62]. The 
anaphylatoxin receptors, C3a receptor (C3aR) and C5a 
receptors (C5aR1 and C5aR2), are expressed on the surface 
of platelets [63–65], which all exert their effects through dis-
tinct signaling pathways [63, 64, 66–76] as summarized in 
Fig. 3. Via these receptors, platelets bind C3a and C5a pre-
sent in plasma (hepatocytes as their main source) and conse-
quently, platelets are activated. Further, using  C3aR–/– mice 
or  C3aR–/– with re-injection of C3a,  C3a–/– mice were less 
prone to experimental myocardial infarction and stroke, 
with the bleeding time shortened by C3a after tail injury 
and thrombosis [63]. Platelet-derived C3aR contributed to 
experimental stroke or myocardial infarction in mice through 
the formation of platelet C3aR-mediated thrombosis [63]. 
After reconstituting  C3aR–/– mice with  C3aR+/+ platelets or 
platelet depletion, all the observed changes were confirmed 
to be a result of the presence or absence of platelet C3aR 
[63]. Consistent with findings obtained from mice, there was 
a strong positive correlation between C3aR expression levels 
and activated GP IIb/IIIa (glycoprotein IIb/IIIa, or integ-
rin αIIbβ3) in platelets of 501 patients with coronary artery 
disease [63]. These results demonstrated that the C3a/C3aR 

axis on platelets facilitates platelet activation and thrombus 
formation.

In line with the fact that the activation of complement 
component C5 is C3 dependent (see Fig. 1), initial mem-
brane insertion of downstream non-lytic complement 
component C5b-7 is C5 dependent [60]. In addition to the 
generation of anaphylatoxin C5a (an endogenous ligand 
for C5aR), proteolytic activation of C5 also generates C5b 
that initiates MAC formation. The formation of the MAC 
then enhances platelet activation and subsequent hemostatic 
responses [56], which are suppressed by clusterin [77]. How-
ever, compared with WT mice, C5-deficent mice have no 
apparent defect in platelet or leukocyte interactions at the 
flow-restricted vessel wall, but their fibrin deposition is 
abnormal, which is similar to the effect seen in mice treated 
with rutin, an inhibitor of protein disulfide isomerase [60].

As summarized in Fig. 3, in addition to the presence of 
the intrinsic capacity of stimulated platelets to activate com-
plement, such as C3b-bound P-selectin (CD62P) that leads 
to the generation of C3a and the assembly of C5b-9 [54], 
platelets also become the targets of complement activation in 
the settings that induce complement activation on the plate-
let surface when exposed to plasma or serum, a weak platelet 
aggregation agonist (ADP or epinephrine), a potent agonist 
(arachidonic acid, and thrombin or its receptor activation 
peptide), or even shear stress alone or in combination with 
more than one stimulus or agonist [49]. Thus, inhibition of 
the generation of anaphylactic peptides C3a and C5a (by 
recombinant or endogenous C4BPα) as well as a blockade 
of C3aR and C5aR expressed on platelets (by eculizumab 
or ravulizumab) can exert their antiplatelet effects, suppress-
ing platelet activation and aggregation as well as thrombus 
formation [1, 63].

5  C4BPα as a Novel Biomarker to Predict 
Attenuated Platelet Response 
to Clopidogrel

As discussed above, C4BPα exhibits its inhibitory effects on 
complement cascades through prevention of the assembly 
of C3-convertases and C5-convertases and by facilitating 
the decay of these two convertases (see Fig. 1), decreasing 
the formation of the complement cleavage products C3a, 
C3b, iC3b, C5a, and C5b, suppressing the deposition of 
C3b, iC3b, C4d, and C5b-9 on the surface of cells, includ-
ing activated or opsonized platelets. Thus, it is not difficult 
to understand that C4BPα exerts its antiplatelet effects to 
some extent through suppression of C3a-induced platelet 
aggregation in humans [57, 62]. However, C4BPα also 
exhibits certain anti-inflammatory effects, which is strongly 
supported by a dramatic increase in TNFα levels released 
when complement is over-activated, or when complement 
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inhibition is impaired in the presence of C4BP-deficient sera 
[31]. Further, proinflammatory cytokines, including TNFα, 
IL-1β, and IL-6, are generally associated with the suppres-
sion of most (if not all) drug-metabolizing cytochrome P450 
enzymes at the protein expression and/or catalytical activity 

levels across assay systems [78–80], which are known to 
be responsible for the metabolic activation of clopidogrel 
(an inactive prodrug itself) in the liver [81, 82]. It might 
be inferred that patients could exhibit more potent platelet 
inhibition of clopidogrel because of an increased formation 

Fig. 3  Main platelet receptors and enzymes that are expressed on 
the platelet surface when platelets (particularly immature platelets) 
are activated or opsonized. Platelets bind complement components 
from plasma, and initiate and enhance plasmatic complement activa-
tion. For details, platelets contain complement C3 and C5 proteins 
and RNA molecules, all of which originate from megakaryocytes 
directly. Completment receptors, such as C3aR, C5aR, and C1qR, 
are expressed on the platelet surface. When platelets are activated, 
P-selectin (CD62P) on the platelet surface can bind C3b, leading to 
increased assembly of C3 convertase in combination with factor B, 
and consequently to triggering of the assembly of MAC (C5b-9) on 
the platelet surface. In addition, collagen and fibrinogen in plasma 
bind the platelet surface receptors GPVI and GPIIb/IIIa, respectively, 
activating such platelets. C3 and C5 stored in the α and dense gran-
ules of the platelets can be translocated to the platelet surface or even 
released into the blood upon platelet activation and degranulation. 
Moreover, platelets also bind C3a and C5a present in plasma (hepato-
cytes as their main source) via complement receptors (C3aR, C5aR1, 
and C5aR2) expressed on the platelet surface and consequently, plate-
lets are activated. Activated platelets can induce activation of the 
complement cascades in the blood, further enhancing complement 
activation. Platelets also express some complement regulatory mole-
cules, such as factor H, CD55 (decay-accelerating factor), and CD59, 

all of which can help prevent excessive complement activation on the 
platelet surface. In addition to suppression of binding of cluster of 
differentiation ligand 40 (CD40L) to CD40, C4BPα can decrease the 
assembly of the C3 convertase and C5 convertase in the blood, and 
decrease the generation of C3a and C5a, and the assembly of C5b-
9. All information and evidence presented in this figure are retrieved 
from, but not limited to, the references [63, 64, 66–76]. ADP adeno-
sine diphosphate, Akt serine-threonine kinase, protein kinase B, or 
PKB, AP-1 activator protein-1, a transcription factor, CD cluster of 
differentiation, CXCL C-X-C motif chemokine ligand, CXCR C-X-C 
chemokine receptor, ERK extracellular signal-regulated kinase, or 
extracellular stimuli response kinase, IL-1β interleukin-1 beta, IL-
6 interleukin-6, GP glycoprotein, MAPK mitogen-activated protein 
kinase, NOX NADPH oxidase, NFκB nuclear factor κB, P2Y puriner-
gic receptor family, PDI protein disulfide isomerase, PI3K phospho-
inositol 3-kinase, Rap1b a small GTPase, abundantly expressed in 
platelets, Rap1b-GTP active form, Rap1b-GDP inactive form, PAR 
protease-activatd receptor, ROS reactive oxygen species, Spa-1 sig-
nal-induced proliferation-associated gene-1, a Rap1 GTPase-activat-
ing protein, STAT3 signal transduction and transcription activator 3, 
TNFα tumor necrosis factor alpha; TNFR tumor necrosis factor recep-
tor, vWF von Willebrand factor
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of clopidogrel active metabolite (predominantly H4) in the 
liver when their plasma C4BPα levels are elevated and/or 
plasma levels of proinflammatory cytokines, such as TNFα 
and IL-6, are decreased. However, in addition to impaired 
metabolic activation of clopidogrel, altered function of 
platelet ADP receptor  P2Y12 itself may also contribute to 
clopidogrel resistance in patients with type 2 diabetes mel-
litus or in those of Caucasian descent [83]. In addition, clini-
cal research studies indicated that C4BP negatively regulates 
the classical complement pathway in human atherosclerotic 
lesions, and may be involved in the clean-up of apoptotic 
cells and cell debris in the arterial intima [84], suggesting 
a beneficial effect on coronary artery disease as an endog-
enous protein. Accordingly, it was hypothesized that plasma 
C4BPα levels could be used to predict clopidogrel resistance 
in clinical settings. In a cohort of 88 patients undergoing 
coronary stenting, then receiving clopidogrel at a mainte-
nance dose of 75 mg/day for at least 6 months to prevent 
in-stent thrombosis and/or recurrent ischemic events, clopi-
dogrel resistance was defined with ADP-induced whole-
blood platelet aggregation of 10 ohm (Ω) or above. Then, 
subgrouping of patients sensitive or resistant to clopidogrel 
was performed, and the assay was evaluated with an area 
under the receiver operating characteristic curve (also known 
as AUC) of 0.852, sensitivity (true-positive) of 88.6%, and 
specificity (true-negative) of 75%, respectively (unpublished 
data). C4BPα was patented in 2019 as a novel biomarker 
[85], and the plasma C4BPα assay is being explored for 
validation for future clinical use. In terms of the nature of 
its quantitative measures, circulating C4BPα would become 
a promising biomarker to predict clopidogrel resistance in 
patients when taking clopidogrel [85], although the causes 
that lead to clopidogrel resistance seem to be inclusive 
[86–90].

6  C4BPα as a Biomarker to Predict Other 
Severe or Life‑Threatening Clinical 
Conditions

Increasing evidence demonstrated that, in addition to pre-
dicting clopidogrel resistance, C4BPα can be used as a 
potential biomarker in other clinical settings, including but 
not limited to, non-alcoholic fatty liver disease [91], non-
small cell lung cancer [92], pancreatic cancer [93], lymph 
node metastasis in pancreatic ductal adenocarcinoma [94], 
ovarian clear cell carcinoma [95], relapse in pediatric/ado-
lescent Hodgkin lymphoma [96], latent tuberculosis infec-
tion [97], spinal dural arteriovenous fistula [98], and serum 
resistance to or complement immune evasion of certain 
infections [99, 100]. Of these, possible explanations were 
that triglycerid content might increase with complement 
activation because of down-regulation of C4BPA [91], but 

that resistance of cancer cells to humoral and phagolytic 
immune responses might increase with C4BPA expression 
levels at the earlier stage of disease [92–94]. As these data 
have all been derived from pilot studies, further clinical 
evaluation and validation studies need to be performed in 
their respective settings before they will be translated to 
patient care.

Recently, evidence demonstrated that the severe acute 
respiratory syndrome coronavirus 2 spike protein induces 
dysfunction of lung endothelial cells and formation of 
thromboinflammation, which are dependent on C3a/C3aR 
signaling [101]. As discussed above, in addition to respec-
tive suppression of the assembly of C3-convertase and 
C5-convertase, C4BPα suppresses the complement system 
by multiple known and unknown mechanisms, and conse-
quently, decreases, in turn, the assembly of the common 
membrane attack complex (C5b-9), the formation of cytol-
ytic pore on the membrane, and lysis of opsonized microbes, 
including severe acute respiratory syndrome coronavirus 2 
viruses. Theoretically, elevated plasma C4BPα levels exhibit 
an attenuated virus killing or viral clearance (eradication) 
effect through suppression of complement defense capac-
ity. However, C4BPα can decrease the formation of C3a, 
C5a, and proinflammatory cytokines, including TNFα, and 
thus, suppresses the “cytokine storm” that frequently occurs 
in patients infected with severe acute respiratory syndrome 
coronavirus 2 in a complement activation-independent and/
or-dependent manner [102–105].

7  Conclusions and Future Perspectives

As an abundant complement inhibitor in the blood, C4BP, 
particularly C4BPα, exerts its unique innate immune regu-
latory functions in the suppression of complement activa-
tion, opsonization, complement deposition, generation of 
the anaphylactic peptides C3a and C5a, platelet activation 
and aggregation, microbial killing, inflammation, oxidative 
stress, and more to be explored. In clinical practice, many 
diseases are associated with rampant complement activa-
tion, including coronary artery disease and stroke. Thus, 
suppression of complement activation will be an effective 
therapeutic strategy. Emerging novel small-molecule drugs 
and biologics (referred to as complement-targeted drugs), 
including C3 or C5 inhibitors, as well as C3aR or C5aR 
antagonists, are being developed, modified, evaluated, or 
validated to reverse complement dysfunction or over-acti-
vation [1]. In fact, “Complement Revolution” came of age 
when eculizumab, a monoclonal antibody that inhibits the 
cleavage of C5, was marketed in 2007 [1]. Thereafter, the 
major complement-targeted therapy strategy is inhibition 
of a C3 or C5 or blockade of C3aR or C5aR [105], such 
as ravulizumab (a monoclonal antibody that inhibits the 
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cleavage of C5), BDB-001 (anti-C5a monoclonal antibody), 
AMY-101 (the first C3 inhibitor), and ALXN1210 (a long-
acting C5 inhibitor). There is a wide individual variation 
in plasma C4BPα levels owing to the nature of its acute-
phase reactants, and therefore, plasma C4BPα levels may 
be a promising biomarker to predict alterations in platelet 
response to clopidogrel in patients with coronary artery dis-
ease or ischemic stroke and beyond.
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