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Abstract. At present, it is commonly accepted that athero-
sclerosis is a chronic inflammatory disease characterized by 
disorder of the arterial wall. As one of the inflammatory cyto-
kines of the tumor necrosis factor superfamily, tumor necrosis 
factor-like weak inducer of apoptosis (TWEAK) participates 
in the formation and progression of atherosclerosis. TWEAK, 
when binding to its initial receptor, fibroblast growth factor 
inducible molecule 14 (Fn14), exerts adverse biological func-
tions in atherosclerosis, including dysfunction of endothelial 
cells, phenotypic change of smooth muscle cells and inflam-
matory responses of monocytes/macrophages. However, 
accumulating data supports that, besides Fn14, TWEAK also 
binds to cluster of differentiation (CD)163, an anti‑inflamma-
tory cytokine and a scavenger receptor exclusively expressed 
by monocytes and macrophages. Furthermore, it has been 
demonstrated that CD163 is able to internalize TWEAK and 
likely elicits protective effects in atherosclerosis by termi-
nating inflammation induced by TWEAK. In the present 
study, the role of TWEAK in atherosclerosis was reviewed, 
with a predominant focus on CD163 and Fn14 receptors.
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1. Introduction

Atherosclerosis remains a major global challenge (1). The 
World Health Organization statistics data suggest that, by 
2020, atherosclerosis will be the most common cause of death 
and morbidity in both developed and developing countries (2). 
Atherosclerosis has long been studied as a chronic inflamma-
tory disorder of the arterial wall, which involves numerous 
cytokines. Accumulating data suggests that one of the cyto-
kines, tumor necrosis factor-like weak inducer of apoptosis 
(TWEAK), is heavily involved in the formation and progres-
sion of atherosclerosis (3-8). TWEAK is encoded by the 
tumor necrosis factor ligand superfamily (TNFSF) member 
12 gene in the tumor TNFSF and its role as a multifunctional 
cytokine was recognized in a previous study (9). Similar to 
other ligands of TNFSF, TWEAK is initially synthesized as 
a type II transmembrane protein with 249 amino acids and is 
subsequently cut by furin to release smaller and soluble frag-
ments known as sTWEAK, which mediate different biological 
effects (9-11). The role of TWEAK interactions with related 
receptors in atherosclerosis development have been elaborated 
by experiments in vitro and in vivo, and fibroblast growth 
factor inducible molecule 14 (Fn14), the first reported receptor 
of TWEAK, is a related receptor (12-17). Another receptor, 
cluster of differentiation (CD)163, has also been identified as 
a receptor of TWEAK (18). CD163 is widely acknowledged as 
a scavenger receptor and an anti‑inflammatory molecule (18). 
Therefore, it is not surprising that there is now an increased 
interest in the interaction of TWEAK and CD163 in athero-
sclerosis (19-21). In the present article, the function of Fn14 
and CD163 receptors and TWEAK in atherosclerosis was 
investigated.

2. Fn14: The first definite receptor

Fn14 expression and signaling. Fn14 was the first widely 
recognized TWEAK receptor. Given its one single 
cysteine-rich domain (CRD), it is generally considered as the 
smallest member of the tumor necrosis factor receptor (TNFR) 
superfamily (11). Originally, Fn14 was identified to be induced 
by fibroblast growth factor (FGF)1 (22) and subsequent studies 
discovered that various other growth factors, including FGF2, 
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platelet‑derived growth factor and epidermal growth factor, 
and cytokines such as tumor necrosis factor (TNF)‑α, inter-
leukin (IL)-1β, transforming growth factor-β and interferon-γ, 
are able to induce Fn14 expression (22-25).

The chromosomal position of the human Fn14 gene is at 
16p13.3 (23). The Fn14 gene initially encodes a Fn14 type I 
transmembrane 129‑amino acid protein that transforms to a 
mature form (23). In the TNFR superfamily, the cytoplasmic 
domain of Fn14 is the shortest, with only 28 amino acids (11). 
Similar to TNF‑α and other members in the family, Fn14 
contains a TNF receptor‑associated factor (TRAF) binding 
site that recruits and binds to TRAF adapter proteins (24). 
The association may provoke the activation of nuclear factor 
(NF)‑κB. Notably, TWEAK, is able to induce prolonged 
NF‑κB activation compared with TNF (26).

In contrast to its substantial expression in injured and 
morbid tissues, Fn14 is rarely expressed in healthy tissues, 
which distinguishes it from TWEAK (26). Studies have 
indicated that Fn14 is expressed in the liver following partial 
hepatectomy and chemical injury (27,28), in the vasculature 
following balloon catheter injury (22), in the kidney after acute 
kidney injury and in the heart after myocardial infarction (29). 
Regarding the vascular wall, Fn14 expression is scarce in 
non-atherosclerotic arteries whereas TWEAK is typically 
expressed (15). However, in human atherosclerotic plaques, 
both TWEAK and Fn14 are expressed in vascular smooth 
muscle cells (VSMCs) and macrophages, suggesting that Fn14 
may interact with TWEAK on damaged vessel walls, which 
may lead to adverse outcomes in atherosclerotic lesions (30).

Fn14 in atherosclerosis. Atherosclerosis is generally consid-
ered as a chronic inflammatory disease with dysfunction of 
various cells, including macrophages, smooth muscle cells and 
endothelial cells (15,31,32). The interaction between TWEAK 
and Fn14 may potentially stimulate the proliferation and migra-
tion of cells and induce cell inflammatory responses, which are 
critical steps in developing atherosclerotic plaques (32). The 
joint function of TWEAK and Fn14 in disturbing endothelial 
cells, altering the phenotypes of smooth muscle cells and trig-
gering the inflammatory response of monocytes/macrophages, 
respectively, will be discussed in subsequent sections.

Dysfunction of endothelial cells. Normal, healthy endothelium 
is characterized by its anticoagulant, antiplatelet and fibrinolytic 
properties, which are essential in cardiovascular control (33). 
However, these functional properties are easily responsive to 
stimuli due to the mutable nature of vascular endothelium. 
One type of mutation, phenotypic modulation, may result in 
dysfunctional state of vascular endothelium, which is now 
recognized as the possible initial step in developing atheroscle-
rosis (33). One important phenotypic activation biomarker is 
the expression of adhesion molecules (15,33). These molecules 
include selectins, intercellular adhesion molecules (ICAMs) 
and vascular adhesion molecules (VCAMs), which activate and 
accumulate local monocytes (15,33). As a result, monocytes 
are able to migrate into subendothelial areas and differentiate 
into macrophages. These differentiated macrophages are able 
to uptake oxidized low density lipoproteins (ox‑LDLs).

TWEAK induces the expression of adhesion molecules, 
such as E-selectin and ICAM-1, on the cell surface of human 

umbilical vein endothelial cells (HUVECs), which have been 
investigated in vitro (34). Furthermore, researchers have 
demonstrated that Fn14 mediates these processes by blocking 
monoclonal antibody against human Fn14 (34). TWEAK and 
Fn14 have been indicated in HUVECs to jointly induce mono-
cyte chemoattractant protein-1 (MCP-1) and IL-8 secretion, 
which predominantly recruits monocytes and neutrophils (15) 
(Fig. 1A).

Phenotypic change of smooth muscle cells. Through 
contraction, VSMCs partially maintain vascular tone and 
diameter (35). Contrary to skeletal and cardiac myocytes, 
VSMCs are not terminally differentiated and preserve 
remarkable phenotypic and functional plasticity in order to 
respond to various stimuli (36). In developing atherosclerosis, 
VSMCs in the quiescent ‘contractile’ phenotype are prone to 
transform into the ‘proinflammatory’ phenotype; a pheno-
type with a superior ability to proliferate and migrate (36). 
Previous studies have indicated that transformation to this 
‘novel’ VSMC phenotype may be elicited by TWEAK/Fn14 
interaction (34,37,38). Therefore, we have reason to believe 
that TWEAK/Fn14 interaction is involved in the formation of 
atherosclerotic plaques by thickening neointimal.

Plaque rupture or erosion, secondary to complete or incom-
plete occlusive thrombosis, reflects the pathophysiological 
process of an acute cardiovascular and cerebrovascular event 
related to atherosclerosis (14). Tissue factor (TF), plasminogen 
activator inhibitor 1 (PAI‑1) and various alternative molecules 
are responsible for thrombosis, of which TF is the primary 
molecule involved in initiating a clotting cascade (39,40). TFs 
are identified in cellular pools in smooth muscle cells (SMCs) 
and released in microparticles from SMCs (41). Compared to 
SMCs in normal arterial tissue and adjacent media, PAI‑1 is 
increasingly expressed in SMCs within the fibrous cap (42). 
This increase in expression is critical for inhibiting fibrino-
lysis (43,44). In human carotid atherosclerotic plaques, Fn14 
has been revealed to be colocalized with both PAI‑1 and 
TF (14). Similarly, in cultured human aortic SMCs, TWEAK 
has been observed to induce both TF and PAI‑1 expression 
and activation (14). Furthermore, with Fn14 small interfering 
(si)RNA or an anti‑Fn14 blocking antibody, the increase in 
expression and activity of PAI‑1 and TF is curbed (Fig. 1B).

Inf lammatory response of monocytes/macrophages. 
Monocytes/macrophages are involved in atherosclerosis by 
generating numerous proinflammatory cytokines (45) and 
participate in all stages of lesion development. Assisted by 
MCP-1 and other chemokines, monocytes are recruited to 
endothelium and subsequently, due to high expression level of 
endothelial adhesion molecules (such as ICAM-1 and VCAM), 
monocytes continue to move into the subendothelial space 
to differentiate into macrophages (15,26). Following this, 
monocyte‑derived macrophages, induced by ox‑LDL, begin 
to proliferate and extend inflammatory responses (46), thereby 
increasing the secretion of proinflammatory cytokines, such as 
IL‑6 and ‑8, and matrix metalloproteinases (MMPs), including 
MMP-9 (31). Production of proinflammatory cytokines exacer-
bates the progression of atherosclerosis. Furthermore, MMPs 
degrade collagen in the fibrotic cap, resulting in more‑prone‑to 
rupture atherosclerotic plaques (15).
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The effects of the TWEAK/Fn14 axis on monocytes/macro-
phages have been supported by several studies (47-49). By 
inhibiting the biological function of TWEAK at Fn14 with 
Fn14‑Fc, a study by Schapira et al (47) demonstrated that 
TWEAK and Fn14 interactions may alter macrophage traf-
ficking and increase lipid uptake of macrophages. Additionally, 
TWEAK was revealed to induce various proinflammatory 
mediators of atherogenesis, such as IL‑6, MCP‑1 and IL‑8 in 
activated monocytes (48). There is also evidence that TWEAK 
is able to enhance MMP‑9 and ‑2 protease activity in apolipo-
protein E knockout mice (49).

It is well‑acknowledged that oxidative stress is associated with 
inflammation and the development of atherosclerosis (50,51). 
In this scenario, TWEAK assists NADPH oxidase activation, 
thereby generating reactive oxygen species (ROS) in macro-
phages (12). Furthermore, NADPH oxidase activity and ROS 
production are unsurprisingly compromised by siRNA against 
Fn14. Therefore, binding to Fn14 may mediate the role of 
TWEAK in the context of oxidative stress (12).

High mobility group box 1 (HMGB1) is a DNA‑binding 
cytokine released from necrotic cells (52) and activated macro-
phages (53). HMGB1 stimulates monocytes/macrophages to 
express proinflammatory cytokines that mediate the inflam-
matory response in atherosclerotic plaque development (54). 
The TWEAK/Fn14 axis has been demonstrated to induce 
monocytes/macrophages to express and secrete HMGB1 (13). 
Furthermore, it has been indicated that both HMGB1 and 

TWEAK/Fn14 were expressed by macrophages (55) in human 
atherosclerotic plaques (30). Additionally, a previous study 
supported this observation in the shoulder region of human 
atherosclerotic plaques, where HMGB1 was colocalized with 
TWEAK/Fn14 (13). Therefore, the fact that anti‑Fn14 blocking 
antibody is able to block the upregulation of HMGB1 by 
TWEAK in cultured monocytes supports the notion that Fn14 
mediates the functions of TWEAK. In addition, the same 
conclusion of HMGB1 expression induced by TWEAK may be 
drawn in atherosclerotic plaques of hyperlipidemic apolipopro-
tein E-null mice (13) (Fig. 1C).

3. CD163: The second definite receptor

Introduction. CD163 is a 130‑kDa member of the scavenger 
receptors and is exclusively expressed by monocytes and 
macrophages (56). CD163 is a marker for anti‑inflammatory 
activity in macrophages (57) and is potentially a newly identi-
fied receptor for TWEAK, as reported previously (18,21). 
Increasing in vivo and in vitro evidence suggests that the 
interaction between TWEAK and CD163 may affect the devel-
opment of atherosclerosis and related diseases (19,20,57-60).

CD163 expression and structure. CD163 is a type I trans-
membrane protein that belongs to group B of the scavenger 
receptor cysteine‑rich (SRCR) superfamily (61). According 
to the number of cysteine residues in each SRCR domain, 

Figure 1. Fn14 in atherosclerosis. (A) TWEAK/Fn14 axis induces the expression of adhesion molecules, such as E‑selectin and ICAM‑1, in endothelial cells, 
which results in the activation and accumulation of local monocytes. TWEAK/Fn14 axis also induces the secretion of MCP‑1 and IL‑8 in endothelial cells, 
which may recruit monocytes. (B) TWEAK/Fn14 axis elicits the function of promoting proliferation and migration of VSMCs. Expression of the thrombosis 
mediators, TF and PAI‑1, may be induced by this axis. (C) TWEAK/Fn14 axis may induce the expression of MCP‑1 and IL‑8 in activated monocytes and 
MMP‑9 and HMGB1 in macrophages. The TWEAK/Fn14 axis also assists NADPH oxidase activation, thereby generating oxygen species in macrophages. In 
addition, the axis alters macrophage trafficking and increases lipid uptake of macrophages. TWEAK, tumor necrosis factor‑like weak inducer of apoptosis; 
Fn14, fibroblast growth factor inducible molecule 14; ICAM, intercellular adhesion molecule; MCP‑1, monocyte chemoattractant protein‑1; IL, interleukin; 
VSMCs, vascular smooth muscle cells; MMP, matrix metalloproteinases; HMGB1, high mobility group box 1; Ox‑LDL, oxidized low density lipoprotein; 
PAI‑1, plasminogen activator inhibitor 1; TF, tissue factor.
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receptors in the SRCR superfamily are divided into groups A 
and B (62). CD163 consists of nine consecutive SRCR class B 
domains in the extracellular domain and its transmembrane 
moiety spans the plasma membrane once (61). In addition, 
CD163 has a short intracellular tail that shares consensus 
sequences for phosphorylation with protein kinase C and 
creatine kinase (61). Furthermore, in plasma and body fluids, 
such as synovial fluids, CD163 is present in another form, 
sCD163, which is a soluble protein (61). Interestingly, sCD163 
spans >94% of the extracellular domain, including all SRCR 
domains (63).

Cellular expression of CD163 is limited to mono-
cyte/macrophage lineage (56), of which, tissue macrophages 
(such as macrophages in atherosclerotic plaques, Kupffer 
cells in the liver and red pulp macrophages in the spleen) 
are principal sites (21,64). CD163 is highly expressed in 
these mature tissue macrophages, whereas its expres-
sion level is modest in monocytes (65). This is important 
because it distinguishes CD163 as a differentiation marker 
of the macrophage lineage with increased expression along 
the macrophage differentiation pathway (65,66). Studies 
have demonstrated CD163‑expressing macrophages in a 
number of diseases associated with inflammation, including 
arthritic joints (67), tumors (68) and atherosclerosis (69). 
However, CD163 expression is strongly regulated by multiple 
pro‑ and anti‑inflammatory mediators, as in vitro studies 
have indicated (65,70-75). Of all mediators, those with 
anti-inflammatory effects, such as IL-10 and glucocorti-
coids, are considered the most potent stimulators of CD163 
expression (71,74,76-79). In contrast, pro-inflammatory 
cytokines, both endogenous (such as IL‑8 and TNF‑α) and 
exogenous (such as lipopolysaccharides), suppress CD163 
expression (71,79,80). Notably, several anti‑inflammatory 
mediators, including IL‑4 and ‑1, inhibit CD163 expres-
sion (71,81). It should be noted that IL‑6 exerts both pro‑ and 
anti‑inflammatory effects on mononuclear phagocytes and 
increases CD163 expression (74).

CD163‑a receptor for hemoglobin‑haptoglobin (Hp‑Hb) 
clearance. At present, CD163 is generally considered to be 
a scavenger receptor of Hb‑Hp complexes (56), which has 
been extensively studied. Intraplaque hemorrhage and subse-
quent rupture of immature neointimal vasa vasorum releases 
cell‑free Hb (82,83). Hb and Hb‑derived products are able to 
enhance oxidative stress and inflammation, thereby imposing 
an adverse impact on atherosclerotic plaque progression (84). 
However, Hb may be cleared by CD163. Once released from 
erythrocytes, during the process of binding to Hp to form 
Hb‑Hp complexes, Hb exposes a neo‑epitope that is able 
to combine with CD163 (56,85). Hb‑Hp‑CD163 binding 
accelerates the degradation of the complex (64). Once the 
receptor‑ligand complex is delivered to early endosomes 
through endocytosis, CD163 is dissociated and recycled to 
cell membrane, whereas Hb‑Hp continues its metabolism 
within lysosomes (86). Regulated by the rate‑limiting enzyme, 
heme oxygenase‑1 (HO‑1), Hb‑Hp metabolism produces 
anti‑inflammatory molecules, including biliverdin, free iron 
and carbon monoxide (87,88). Conversely, HO‑1 and CD163 
production may be upregulated by IL‑10, and production of 
IL‑10 is triggered by Hb‑Hp‑CD163 binding (87) (Fig. 2A).

CD163 and TWEAK. Besides Hb‑Hp complexes, CD163 
is also a scavenger receptor for TWEAK. In 2003, when 
Fn14 was considered as the exclusive receptor of TWEAK, 
a study by Polek et al (89) indicated that cells lacking Fn14 
were still sensitive to TWEAK, indicating the existence of 
another TWEAK receptor. This alternative TWEAK‑binding 
protein was identified as CD163, via a random combinatorial 
peptide library (18). Then, Moreno et al (21) first reported 
first reported the potential role of TWEAK‑CD163 binding in 
atherosclerosis development. Subsequent research suggested 
that CD163‑expressing macrophages reduced endogenous 
TWEAK expression and were able to bind and degrade 
TWEAK that was added exogenously from supernatants 
in vitro (21). Therefore, CD163 may inhibit TWEAK, which 
may further relieve inflammation in atherosclerosis (90).

Moreno et al (91) observed that sCD163 and sTWEAK levels 
were negatively correlated in cultured human atherothrombotic 
femoral plaque samples and patients with atherothrom-
bosis‑derived peripheral artery diseases. Additionally, these 
patients exhibited a significantly increased sCD163/sTWEAK 
ratio that was positively correlated with the severity of their 
diseases (91). Accordingly, the sCD163/sTWEAK ratio may act 
as an indicator of atherothrombosis progression (91). Similar 
results were revealed in other atherosclerotic related diseases 
such as coronary artery disease with or without chronic kidney 
disease (19,20,58). It seems counterfactual that, as an inflam-
matory factor, sTWEAK concentration decreased in these 
atherosclerotic related diseases (19,20,58). Unfortunately, 
the mechanism by which this occurs is not fully understood. 

Figure 2. CD163 in atherosclerosis. (A) Hb may be scavenged by CD163. Once 
released from erythrocytes, Hb binds to Hp to form complexes, resulting in 
exposure of a neo‑epitope that is able to combine with CD163. Once this 
receptor‑ligand complex is delivered to early endosomes through endocytosis, 
CD163 enters an alternative pathway by dissociating and is recycled to cell 
membrane, whereas Hb‑Hp continues its metabolism within the lysosomes. 
Regulated by the rate‑limiting enzyme, HO‑1, Hb‑Hp metabolism produces 
anti‑inflammatory molecules, including biliverdin, Fe2+ and CO. Conversely, 
HO‑1 and CD163 production may be upregulated by IL‑10, whose production 
is triggered by Hb‑Hp‑CD163 binding through activating the intracellular 
signaling pathway. (B) CD163‑expressing macrophages recognize and 
internalize TWEAK, resulting in a decrease of sTWEAK. TWEAK, tumor 
necrosis factor‑like weak inducer of apoptosis; sTWEAK, soluble TWEAK; 
HO‑1, heme oxygenase‑1; CD163, cluster of differentiation 163; Hb, hemo-
globin; Hp, haptoglobin; IL, interleukin; CO, carbon monoxide; Fe2+, Iron2+.
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One possible and mostly accepted explanation is that binding 
of circulating TWEAK molecules to its receptors creates a 
decrease in sTWEAK. One of these receptors is CD163 and 
is typically upregulated in chronic inflammatory activa-
tion (92,93). In addition, the biological activity of sTWEAK 
is largely mediated by Fn14 (90), which may be scavenged, 
by CD163 binding to TWEAK, and deactivated. In this case, 
decreased concentrations of sTWEAK may be attributed to the 
increase of soluble CD163 (20) (Fig. 2B).

4. Therapeutic considerations

The possible contradictory outcomes that TWEAK exerts 
when binding to the two different receptors, Fn14 and CD163, 
offers a novel therapeutic view in treating atherosclerosis. It 
is well-acknowledged that statins are an anti-atherosclerosis 
medication that regulate blood lipid metabolism and reduce 
the levels of circulating LDL by inhibiting the activity of 
hydroxy‑methyl‑glutaryl Coenzyme A reductase (HMG‑CoA 
reductase), a key enzyme in the cholesterol biosynthesis 
pathway (94). Statins, or HMG‑CoA reductase inhibitors, are 
able to decrease Fn14 expression in human SMCs and carotid 
atherosclerotic plaques (30). Furthermore, atorvastatin also 
reduces the proinflammatory response induced by TWEAK 
in human SMCs (30). Therefore, these findings indicate that 
statins may potentially have a novel effect in atherosclerosis 
treatment. Additionally, the TWEAK/Fn14 combination may 
become a novel target of interference in atherosclerosis devel-
opment. As for CD163, in addition to its potential diagnostic 
uses in atherosclerosis-related diseases, it is also an interesting 
candidate for medical therapy (19,57,58,60). This is because 
CD163, as an example of the atheroprotective intraplaque 
population, eliminates free‑Hb and releases a large quantity 
of anti‑inflammatory mediators via activating downstream 
pathways (62,64). Additionally, CD163 has the potential to 
diminish inflammation in atherosclerosis by recognizing and 
internalizing TWEAK.

5. Conclusions 

In conclusion, TWEAK functions divergently when binding 
to the two receptors, Fn14 and CD163. Regarding Fn14, 
TWEAK imposes adverse effects by encouraging athero-
sclerosis development, including disturbing endothelial cells, 
changing phenotypes of smooth muscle cells and triggering 
inflammatory response of monocytes/macrophages. However, 
when interacting with CD163, TWEAK may elicit potential 
protective effects. Currently, the mechanism by which the 
downstream pathway is activated following the recognition 
and internalization of TWEAK by CD163 and whether this 
activated pathway is similar to the result of CD163 binding to 
the Hp‑Hb complex is unclear. Further study in vivo is required 
to elucidate the effect of the TWEAK/CD163 axis.
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