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ABSTRACT

Recently, several decoy molecules belonging to tumor necrosis factor receptor superfamily (TNFRSF)
have been identified, including decoy receptor 1 (DcR1), decoy receptor 2 (DcR2), and decoy receptor 3
(DcR3). One of the tumor necrosis factor superfamily (TNFSF) members, TNF-related apoptosis-inducing
ligand (TRAIL), binds to DcR1 and DcR2, which are membranous receptors with a truncated cytoplasmic
domain, thus unable to transduce TRAIL-mediated signaling. In contrast to DcR1 and DcR2, DcR3 is a
soluble receptor capable of neutralizing the biological effects of three other TNFSF members: Fas ligand
(FasL/TNFSF6/CD95L), LIGHT (TNFSF14) and TNF-like molecule 1A (TL1A/TNFSF15). Since FasL is a potent
apoptosis- and inflammation-inducing factor, LIGHT is involved in apoptosis and inflammation, and
TL1A is a T cell costimulator and is involved in gut inflammation, DcR3 can be defined as an
immunomodulator on the basis of its neutralizing effects on FasL, LIGHT, and TL1A. Initial studies
demonstrated that DcR3 expression is elevated in tumors cells; however, later work showed that DcR3
expression is also upregulated in inflammatory diseases, where serum DcR3 levels correlate with disease
progression. In addition to its neutralizing effect, DcR3 also acts as an effector molecule to modulate cell
function via ‘non-decoy’ activities. This review focuses on the immunomodulatory effects of DcR3 via
‘decoy’ and ‘non-decoy’ functions, and discusses the potential of DcR3 as a biomarker to predict cancer
invasion and inflammation progression. We also discuss the possible utility of recombinant DcR3 as a
therapeutic agent to control autoimmune diseases, as well as the potential to attenuate tumor
progression by inhibiting DcR3 expression.

© 2011 Elsevier Inc. All rights reserved.

1. Discovery and characterisation of DcR3 gene and protein

Decoy receptor 3 (DcR3), also known as tumor necrosis factor
receptor (TNFR) superfamily member 6b (TNFRSF6B)/TR6/M68, is
a soluble receptor lacking a transmembrane domain and capable of
neutralizing the biological effects of three members of the tumor
necrosis factor superfamily (TNFSF): Fas ligand (FasL/CD95L/
TNFSF6) [1], LIGHT [lymphotoxin-like, exhibits inducible expres-
sion, and competes with herpes simplex virus (HSV) glycoprotein D
(gD) for HVEM, a receptor expressed by T lymphocytes/TNFSF14]
[2], and TNF-like molecule 1A (TL1A/VEGI/TNFSF15) [3]. Early
work demonstrated that the DcR3 gene was amplified in about half
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of 35 primary lung and colon tumors studied, with DcR3
messenger RNA being widely expressed in various malignant
tissues [1,4].

The DcR3 gene is located at the extreme telomere of human
chromosome 20 (20q13.3), and encodes a protein of 300 amino
acids (NCBI accession #NM_032945). Western blot analysis of
serum samples from transgenic mice overexpressing human full-
length DcR3 revealed that it is a 33 kDa glycosylated protein. In
addition, two alternatively spliced variants, DcR3v1 (NCBI acces-
sion #AAM94173) and DcR3v2 (NCBI accession #AAM94172),
encode polypeptides of 74 amino acids and 139 amino acids,
respectively. DcR3v1 is a truncated peptide comprising the N-
terminal 48 and C-terminal 26 amino acids of DcR3. DcR3v2
contains the N-terminal 113 amino acids of DcR3, followed by 26
amino acids of unrelated residues. DcR3 is not found in mouse and
rat genomes. However, the chicken (Gallus gallus) [5], rainbow
trout (Oncorhynchus mykiss) [6], eel (Conger myriaster) [7] and
banded dogfish (Triakis scyllia) [8] genomes contain DcR3-related
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genes to human DcR3, where all of these are secretory proteins
with four cysteine-rich domains. In addition, DcR3-like sequences
are present in frog (Xenopus tropicalis), Zebra finch (Taeniopygia
guttata), chimpanzee (Pan troglodytes), and cattle (Bos taurus),
suggesting DcR3 may be present in the genomes of amphibians,
birds, and other mammals. In this article, we summarize current
knowledge of DcR3, focusing on its roles in tumor progression,
immunomodulation and inflammatory diseases, and discuss its
clinical application as a biomarker for several diseases.

2. Decoy functions of DcR3 to cytokine ligands

Initial understanding of DcR3-mediated functions was derived
from its interactions with three members of the TNFSF, i.e. FasL,
LIGHT, and TL1A (Fig. 1), where the activities of DcR3 were
hypothesized on the basis of the biological functions of these
ligands. Recent review articles have discussed FasL [9], LIGHT
[10,11], and TL1A [12,13] in detail; here we briefly summarize key
features of FasL, LIGHT and TL1A before reviewing their relevance
to DcR3 function. In particular, we focus on their abilities to
modulate host immune responses, tumor growth, allergic and
autoimmune responses, pathogen invasion, and other inflamma-
tory reactions.

2.1. FasL

FasL is primarily produced by cytotoxic lymphocytes, i.e.
natural killer (NK) cells and CD8" T cells, and contributes to the
destruction of abnormal or infected cells. FasL is well known for its
ability to induce apoptosis (programmed cell death) in target cells
through binding to its receptor, Fas (Apo1/CD95) [9]. The extensive
study of the FasL-Fas-mediated intracellular pathway, since its
discovery in 1989, has established this system as a central
regulator of apoptosis in mammals.

Fas, a type | transmembrane protein belonging to the TNFRSF,
has a cysteine-rich extracellular domain that binds FasL, and an
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intracellular death domain responsible for transduction of the
death signal that triggers apoptosis. When ligated by FasL (a
trimeric protein), Fas induces the trimerization of Fas-associated
death domain (FADD) protein leading to recruitment of
procaspase-8, which subsequently undergoes autoproteolysis
and becomes activated. This assembly of Fas, FADD and
procaspase-8 results in the formation of a death-inducing
signaling complex (DISC). Activated caspase-8 can, in turn,
activate effector procaspase-3, -6, and -7 to induce apoptosis
either directly via a process of transproteolysis in type I cells, or
indirectly via proapoptotic molecules released from mitochon-
dria in type II cells [14]. In type II cell apoptosis, caspase-8 can
activate the proapoptotic Bcl-2 family member Bid, which then
causes damage to the mitochondrial outer membrane, leading to
release of cytochrome c. This, in turn, activates procaspase-9,
leading to the activation of effector caspases, which degrade
chromosomal DNA to cause cell death [9]. This Fas-mediated
apoptotic pathway plays critical roles in the immune system,
including the killing of pathogen-infected cells and of obsolete
and potentially dangerous lymphocytes. Thus, Fas functions as a
guardian against autoimmunity and tumor development. In
contrast, dysregulation within the FasL-Fas system manifests in
a severe impairment of the functional integrity and maintenance
of immune homeostasis.

In addition to cell death, FasL can induce inflammatory
reactions, cellular activation and proliferation in various cell types
[9,15]. It has been demonstrated that Fas can trigger the expression
of some inflammatory genes such as IL-6, MCP-1, IL-8, TNF-«, and
IFN-vy in astrocytes, fibroblasts, synoviocytes, bronchial epithelial
cells, keratinocytes, and vascular smooth muscle cells. Moreover,
FasL can also recruit neutrophils to inflammatory sites and
accelerate the acute inflammatory response. Therefore, the
FasL-Fas interaction is suggested to play important roles in
various inflammatory diseases such as hepatitis, acute rejection of
graft transplant, graft-versus-host diseases (GVHD), rheumatoid
arthritis (RA), and pulmonary fibrosis [9,16-18].

LIGHT
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Fig. 1. Interaction of DcR3 and members of TNFRSF with FasL, LIGHT, and TL1A. DcR3 is able to compete the binding of FasL to Fas, thus prevent apoptosis. In addition,
neutralization of LIGHT prevent the activation of LTbeta R and HVEM. DcR3 also blocks TL1A-mediated DR3 activation. Therefore, DcR3 is able to modulate cell function via
blocking four members of TNFRSF simultaneously. Among these four membrane receptors, Fas and DR3 contain death domain (indicated as box in blue color) in the

cytoplasmic regions.
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2.2. LIGHT

LIGHT is predominantly expressed in lymphoid tissue and can
bind three distinct members of the TNFRSF, i.e. the herpes virus
entry mediator (HVEM/TNFRSF14) [19], lymphotoxin-[3 receptor
(LTBR, TNFRSF3) [20] and DcR3 [2]. The functions of LIGHT are
often cell-context specific due to its ability to interact with distinct
receptors widely expressed by a variety of cell types.

LIGHT-LTBR-mediated signaling can promote immune
responses via the activation of dendritic cells (DCs) and stromal
cells. In this respect, induction of apoptosis, production of various
cytokines, developmental organogenesis of lymph nodes, and
restoration of secondary lymphoid structure and function emerge
as major outcomes of the LIGHT-LT[3R interaction [10,11]. LIGHT
can also induce cell death in certain tumor cell lines through
interaction with LT3R [21]. The anti-cancer activity of LIGHT was
demonstrated by its ability to induce a cytolytic T-cell response
leading to tumor rejection [22]. Thus, the LIGHT-LTP3R axis is a
potential target for controlling anti-tumor responses, and recent
studies have provided encouraging new insights in this respect.
Furthermore, it has been shown that disruption of the surface
LIGHT-LTPBR axis leads to defects of antiviral immunity and liver
regeneration, but prevents autoimmune colitis and hyperlipidemia
[23]. In most cases, the LIGHT-HVEM interaction selectively
activates NF-kB, thereby initiating transcription of genes involved
in cell survival, growth and inflammation [11]. These activities
define LIGHT as a costimulatory molecule for T cells, which
promotes enhanced proliferation, Th1-type cytokine production,
and NF-kB translocation [11].

In addition to malignant diseases, LIGHT has emerged as a
potential therapeutic target in inflammatory diseases of the
mucosal, hepatic, joint and vascular tissues and the reproductive
organs [11,24]. For example, there is compelling evidence for the
involvement of the LIGHT-HVEM and LIGHT-LTPR pathways in
atherogenesis. Expression of both LIGHT and HVEM is increased in
activated monocytes and macrophages as well as in macrophages/
foam cells within atherosclerotic plaques [25]. Moreover, HVEM
can mediate the production of pro-atherogenic mediators by
monocytes and endothelial cells, as well as macrophage migration
and vascular smooth muscle cell proliferation. A recent study
demonstrated that LIGHT expression on T cells results in
hypertriglyceridemia, while inhibition of LIGHT signaling attenu-
ates dyslipidemia in low-density lipoprotein receptor-deficient
mice [26]. Additionally, LIGHT has been implicated in inflamma-
tory bowel disease (IBD) [24], graft rejection [22], RA [27], and
hepatic regeneration [28]. Thus, the LIGHT pathway is a target for
the development of biologic-based therapeutics for autoimmune
conditions, infectious diseases and cancer.

2.3. TL1A

TL1Ais a novel TNF-like cytokine initially identified in endothelial
cells and shown to be a ligand of death receptor-3 (DR3/Apo3/
TNFRSF25). DR3 contains a death domain inits cytoplasmic tail and is
preferentially expressed by lymphocytes and endothelial cells. Its
activation by TL1A can not only induce cell apoptosis, by activating
the caspase cascade through interaction with TRADD and FADD
[12,13], but also activate multiple cell survival signaling pathways
including NF-kB, STAT3, JNK, p38 MAPK and ERK [12,13].

Through binding to DR3 endogenous TL1A can suppress
endothelial cell proliferation and angiogenesis in an autocrine
manner [29]. This anti-angiogenic action of TL1A is evidenced by the
inhibition of tumor neovascularization and progression in a mouse
xenograft tumor model [30]. Recent studies indicated that TL1A can
be induced not only in endothelial cells, but also in monocytes,
macrophages, DCs, T lymphocytes and chondrocytes in response to

stimulation with immune complexes, Toll-like receptor ligands,
inflammatory cytokines, and T-cell receptor activator [13]. TL1A can
also bind DR3 on immune cells, where this interaction leads to
activation and proliferation of lymphocytes and NK cells, and skews
T-cell differentiation in favor of Th1 and Th17 subsets [3,12,13].
Moreover, TL1A has been shown to suppress the proliferation of
tumor cells and induce maturation of DC and osteoclasts [12].
There is growing evidence that TL1A/DR3-activated signaling
cascades may participate in the pathogenesis of IBD [31] and RA
[32]. Increased expression of TL1A and DR3 is observed in both
ulcerative colitis and Crohn’s disease [31], and upregulation of
TL1A correlates with the severity of inflammation in IBD. In an
animal model of IBD, TL1A-DR3 interaction was found to
exacerbate intestinal inflammation via stimulation of Th1 and
Th17 pathways [33]. Notably, genetic studies have identified
associations between TL1A alleles and Crohn'’s disease [34].

2.4. Decoy function of DcR3

The ability of DcR3 to act as a decoy receptor to neutralize the
bioactive cytokines FasL, LIGHT and TL1A gives it the potential to
modulate host immunity by inhibiting the activation of the TNFRSF
members Fas, HVEM, LT3R, and DR3 (Fig. 2). The majority of early
studies on DcR3-mediated immunosuppression have focused on its
interaction with FasL; more recently, its binding to LIGHT and TL1A
have been of interest. In particular, the biological functions of DcR3
have been unmasked in the context of cancer. It was speculated that
tumor cells expressing high levels of DcR3 might be able to evade
cytotoxic attack by inhibition of the FasL-Fas interaction, which is
known to induce apoptosis [35]. In support of this, Roth et al. showed
that soluble DcR3 is expressed by malignant gliomas and can
suppress FasL-induced apoptosis and chemotaxis [36]. Furthermore,
Connolly et al. showed that injection of recombinant DcR3
attenuates FasL-mediated fulminant hepatic apoptosis and blocks
FasL-induced cell death in mice [37]. The resistance of human
pancreatic cancer cells to FasL is likely due, at least in part, to the
presence of high levels of DcR3 protein; this resistance can be
overcome by treatment with DcR3-specific small interfering RNA
[38,39]. Thus, targeted reduction of endogenous DcR3 levels
represents a novel therapeutic strategy in cancer. Even though
DcR3 can protect tumors from attack by FasL*CD4" cells, it is unable
to guard against cytotoxicity mediated by granzyme and perforin,
the two potent apoptotic-inducing factors secreted by CD8* T cells.
This observation challenges the idea that DcR3 can help tumor cells
to escape from T-cell-mediated cytotoxicity, given that CD8™ T cells
are more potent tumor cell killers than CD4" T cells.

With regard to LIGHT and TL1A, the results of several studies
indicate that DcR3 can dampen T-cell responses to alloantigens by
blocking the LIGHT-HVEM interaction [40]. Moreover, DcR3 can
block LIGHT- and TL1A-induced islet and cancer cell apoptosis
[2,41]. Since TL1A also enhances the responsiveness of T cells to IL-
2 and increases their secretion of proinflammatory cytokines, it has
been speculated that DcR3 might attenuate T-cell activation via its
action as a decoy receptor for TL1A [3]. Furthermore, DcR3 has
been reported to neutralize endogenous TL1A secreted by human
umbilical vein endothelial cells, leading to endothelial cell
migration, proliferation, differentiation, MMP-2 activation and
angiogenesis. This suggests that DcR3 might promote angiogenesis
by antagonizing the autocrine angiostatic effect of TL1A on
endothelial cells [29].

3. Non-decoy actions of DcR3
In addition to neutralizing TL1A, LIGHT and FasL, DcR3 also acts

as an effector molecule to modulate the activities of many cell
types directly (Fig. 2).
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Fig. 2. DcR3 is a secretory protein of tumor cells, and can modulate immune response and help tumor progress from different action context. In one hand, DcR3 functions as a
decoy receptor for FasL, LIGHT and TL1A, three major cytokines contributing to the T-cell-mediated host immune surveillance, and allows cancer cells escape from T-cell-
mediated cytotoxic effect. On the other hand, DcR3 also functions as an effector by cross-linking HSPG present on plasma membranes to skew macrophage differentiation into
M2 phenotypes, regulate DC differentiation to Th2 polarization, induce DC apoptosis, drive monocyte differentiation into osteoclast, and increase monocyte adhesion. Both
decoy and non-decoy actions of DcR3 facilitate tumor progress and contribute to the pathogenesis of diseases.

3.1. Regulation of DC differentiation leading to Th2 polarization

Soluble DcR3.Fc can bind to CD14" monocytes and modulate
their differentiation and maturation into DCs [42]. The expression
of human leukocyte antigen (HLA)-DR, CD1a, CD40, CD54, and
CD80/B7.1 was shown to be reduced in DcR3.Fc-treated DCs.
However, the expression of CD86/B7.2 was upregulated. Moreover,
the proliferation of CD4" T cells co-cultured with DcR3.Fc-treated
DCs was skewed in favor of a Th2-predominant phenotype,
indicating that DcR3 has a Th1-suppressing effect [42]. Since none
of DcR3’s known ligands were detected in this assay system, the
DcR3-mediated effect observed cannot be attributed to its
neutralizing effect on FasL, LIGHT or TL1A. The Th1-suppressive
effect of DcR3 was further demonstrated both in vitro and in vivo
using transgenic mice [43]. Stimulation of splenocytes from DcR3-
transgenic animals with influenza hemagglutinin,,s_13s peptide
caused elevated production of IL-4 and IL-10 and downregulation
of IFN-vy, IL-12, and TNF-a compared to controls, while mice
infected with Listeria monocytogenes showed attenuated expres-
sion of IFN-y and increased susceptibility to infection. This Th2
cell-biased phenotype was attributed to decreased IL-2 secretion
by T cells [43].

3.2. Regulation of M2 macrophage and TAM differentiation

In vitro studies have demonstrated that DcR3 can drive
macrophages towards an M2 phenotype, where DcR3 down-
regulates the expression of CD14, CD16 and HLA-DR, but
upregulates the expression of CD206 (mannose receptor). More-
over, phagocytic activity towards immune complexes and apopto-
tic bodies, as well as the production of free radicals and
proinflammatory cytokines in response to lipopolysaccharide, is

impaired in DcR3-treated macrophages [44]. Microarray analysis
further revealed that DcR3-treated macrophages display the
characteristics of tumor-associated macrophages (TAMs), such
as the upregulation of CD206, arginase-1 (M2-specific markers),
M160, IL1RN, IL1R2, CCL22, MMP-7 and MMP-9, alongside
downregulation of iNOS, CD16/32/64, CD80, IL-1, IL-6 and CLCL2
[45]. This suggests that DcR3 might have potent suppressive effects
on the host immune system, and thus favor tumor growth in vivo.

3.3. Induction of actin reorganization and adhesion in monocytes

DcR3 can induce actin reorganization in human monocytes and
has also been shown to trigger multiple signaling molecules, such
as PKC, phosphatidylinositol 3-kinase (PI3K), focal adhesion kinase
and Src kinases, thereby promoting cell adhesion [46]. Further-
more, DcR3 induces NF-kB-mediated expression of ICAM-1,
VCAM-1 and IL-8 by monocytes such that their binding to
endothelial cells is enhanced [47]. A recent study further showed
that DcR3.Fc acted on both THP-1 monocytes and differentiated
macrophages to increase their expression of integrin a4, thus
promoting cell aggregation and proliferation and reducing
apoptosis [48]. Since DcR3 is upregulated in cancer cells, these
observations suggest that it may play important roles in
modulating the migration and trafficking of monocytes/macro-
phages in the tumor microenvironment.

3.4. Induction of osteoclast differentiation and alteration of bone
homeostasis

DcR3 induces osteoclast formation from human monocytes,
murine macrophages, and bone marrow cells by promoting their
differentiation into polymorphonuclear giant cells that express



842 W.-W. Lin, S.-L. Hsieh/Biochemical Pharmacology 81 (2011) 838-847

TRAP, CD51/61 and MMP-9 and display bone resorptive activity
[49]. Since DcR3-mediated osteoclast differentiation is abrogated
by TNFR.Fc, and DcR3 treatment can induce secretion of the
osteoclastogenic cytokine TNF-a through ERK and p38 MAPK
signaling pathways, DcR3-induced TNF-« synthesis is implicated
as a critical regulator of osteoclast formation. Enhancement of
osteoclast differentiation in vitro was confirmed by altered bone
homeostasis in DcR3-transgenic mice. Bone mineral density (BMD)
and bone mineral content (BMC) were significantly lower in DcR3-
transgenic mice as compared to wild-type controls, where this was
associated with increased osteoclast numbers [50]. In addition,
local administration of DcR3 into the metaphysis of the tibia
significantly decreased the BMD and BMC, with increases in both
osteoclast numbers and the resorptive activity of mature
osteoclasts. These results indicate that DcR3 may play an
important role in diseases such as osteoporosis and might also
contribute to bone erosion in cancer patients.

3.5. Sensitization of cells to TRAIL-induced apoptosis

DcR3 sensitizes Jurkat and U937 cells to apoptosis induced by
the TNF-related apoptosis-inducing ligand (TRAIL), another
member of TNFSF and with anti-cancer potential. Nevertheless,
DcR3 by itself does not stimulate apoptosis, nor affect cell death
triggered by Fas or TNF-o.. The ability to augment TRAIL-induced
cell death has not been observed for either soluble LT3R or soluble
DR3, indicating that binding to LIGHT or TL1A is, in itself,
insufficient to trigger TRAIL sensitivity. Incubation with DcR3
did not increase the surface expression of the TRAIL receptor, and
the levels of FADD protein and cellular FLICE-like inhibitory
protein (FLIP) were not altered. Instead, TRAIL engagement in the
presence of DcR3 resulted in increased activation of caspase-8,
elevated cleavage of Bid, and enhanced release of Smac and
cytochrome ¢ from mitochondria into the cytosol compared to
TRAIL alone. This, in turn, led to increased activation of caspase-9
and caspase-3 [51].

In addition to sensitizing T cells to TRAIL-mediated apoptosis, a
high dose of DcR3 (10 pg/ml)induces DCs, but not macrophages, to
undergo apoptosis; this is due to activation of PKC and JNK, which
subsequently leads to elevated DR5 expression and, hence,
recruitment of FADD. The association of FADD with DR5 results
in the formation of a DISC, where activation of caspase-2 and
caspase-8 triggers the downstream apoptotic signaling cascade
[52]. The ability of DcR3 to induce T cell and DC apoptosis could
potentially be harnessed to suppress host immunity during
treatment of autoimmune diseases.

3.6. Effector action via heparin sulfate proteoglycans

Several studies have demonstrated that the pleiotropic effects
of DcR3 on immunomodulation, cell adhesion, and the differenti-
ation of antigen-presenting cells are independent of its interaction
with its TNFR-like ligands, FasL, LIGHT and TL1A. A glycosamino-
glycan (GAG)-binding domain located in the DcR3 C-terminal
region is able to bind and cross-link heparan sulfate proteoglycans
(HSPG), such as syndecan 2 and CD44v3. DcR3-HBD.Fc, a fusion
protein comprising the GAG-binding region of DcR3 with an Fc
fragment of human IgG1, has similar activity to DcR3.Fc with
regard to the activation of PKC and the induction of monocyte
adhesion and DC apoptosis, even though it is unable to interact
with LIGHT, FasL, or TL1A [52,53]. Although the Fc component of
this fusion protein stabilizes dimeric DcR3 and, thus, may enhance
cross-linking activity, it should be noted that transgenic mice
overexpressing DcR3 also exhibit attenuated Th1 differentiation
[43] and enhanced osteoclast differentiation [50]. This indicates
that the biological effects of DcR3 in vivo are not restricted to its

neutralizing effects on FasL, LIGHT, and TL1A. Together these data
define DcR3 as a pleiotropic effector, which can regulate cellular
functions through interactions with HSPG. It is likely that the
identification of additional HSPG ligands for DcR3 will lead to the
elucidation of yet more effector functions.

3.7. Inhibition of MHC-II expression via epigenetic regulation

One of the key characteristics of TAMs is the downregulation of
MHC-II molecules, but the mechanism that underlies this has not
yet been fully elucidated. Among the DcR3-modulated genes
expressed by TAMs, those that encode proteins involved in MHC-II-
dependent antigen presentation are downregulated substantially,
together with the class Il transactivator (CIITA), the master
regulator of MHC-II expression [45]. ERK- and JNK-induced
deacetylation of histones associated with the CIITA promoter
was found to be responsible for the DcR3-mediated down-
regulation of MHC-II expression. Furthermore, the level of DcR3
expression by cancer cells correlated inversely with HLA-DR levels
on TAMs and with the overall survival time of patients with
pancreatic cancer. The role of DcR3 in the development of TAMSs
was further confirmed using transgenic mice overexpressing DcR3.
This study revealed the molecular mechanism underlying im-
paired MHC-II-mediated antigen presentation by TAMs, and raised
the possibility that reversal of TAM-induced immunosuppression
via inhibition of DcR3 expression might represent a target for the
design of new therapeutics.

4. DcR3 as a biomarker in cancer progression

There is accumulating evidence that DcR3 is expressed by
tumor cells originating from various lineages, including adeno-
carcinomas of the esophagus [54], stomach [55], colon, rectum [1],
pancreas [56], lung [1], glioblastoma multiforme [36,57], renal cell
cancer (RCC) [58], ovarian cancer [59], virus-associated lympho-
mas [60], diffuse large B-cell lymphoma [61], multiple myeloma
[62], oral cancer [63], hepatocellular carcinoma [64], and chronic
liver diseases, which frequently lead to cancer formation [65]. The
upregulation of DcR3 by these cells has been demonstrated by
immunohistochemical staining [54,63], tissue microarrays [64], in
situ hybridization [65] and analysis of serum samples from cancer
patients [58,62,63,66-68].

It has become apparent that elevated levels of DcR3 in serum or
tissues correlate with poor prognosis and/or resistance to
treatment in some cancer patients. This includes gastric carcino-
mas [55], esophageal adenocarcinoma [54], RCC [58], ovarian
cancer [59,68], colorectal cancer [69], hepatocellular carcinoma
[64,70], pancreatic cancer [38], and oral cavity cancer [63]. In the
case of esophageal adenocarcinoma, significantly more over-
expression of DcR3 was observed in esophagogastrectomy speci-
mens containing areas of high-grade dysplasia or carcinoma than
in low-grade dysplasia, benign esophageal mucosa or Barrett
esophagus [54]. Likewise, high levels of DcR3 expression are
associated with high-grade and high-stage RCCs. DcR3 expression
correlates positively with the incidence of distant metastasis and
lymph node metastasis, but negatively with disease-specific
survival [58]. In oral cavity cancer, elevated serum DcR3 is also
associated with nodal metastasis and poor prognosis [63].
Analyses of DNA isolated from recurrent oral tumors [63],
glioblastoma [57] and gastric adenocarcinoma [71] have confirmed
that increased DcR3 copy-number is common in cancer patients. In
addition, DcR3 expression levels correlate with impaired differen-
tiation of colorectal carcinoma cells, lymph node metastasis, and
pathological stage [64]. A genotyping study indicated that a DcR3
promoter polymorphism, C147T, is associated with a significantly
elevated risk of esophageal squamous cell carcinoma in the
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Chinese Han population [72]. Although substantial amplification of
DcR3 gene has been observed in patients with myelodysplastic
syndrome patients, the relevance of this to disease progression
remains unclear [73].

5. DcR3 as a biomarker for autoimmune and inflammatory
diseases

DcR3 is not detectable in most normal tissues, but its expression
is upregulated in response to some pathogens or insults. In
particular DcR3 levels are elevated in systemic inflammatory
diseases, where serum concentrations are significantly increased
in silicosis [74], bacterial infections [75], Crohn’s disease [76],
active ulcerative colitis [31], systemic lupus erythematosus [77],
atopic dermatitis [78], experimental autoimmune encephalomy-
elitis (EAE) [79], RA[32], kidney diseases [80] and acute respiratory
distress syndrome (ARDS) [81]. Chen et al. demonstrated that high
plasma levels of DcR3 correlate with the development of multiple-
organ dysfunction and can independently predict 28-day mortality
in patients with ARDS. Therefore, serum DcR3 is a valuable marker
in predicting the outcome of inflammatory diseases [81].

6. Regulation of DcR3 expression in cancer cells and
inflammatory reactions

6.1. Upregulation of DcR3 by Epstein—Barr virus

Although DcR3 expression is known to be upregulated in cancer
cells, its regulation is not well understood. It has been reported that
DcR3 is overexpressed in Epstein-Barr virus (EBV)-associated
lymphoma, but not in reactive lymphadenopathy [60]. This
suggests that EBV might use DcR3 to evade the immune system
during lymphomagenesis, or that virus-infected lymphoma cells
expressing DcR3 might be selected during multistep tumorigene-
sis. In this regard, the EBV transcription activator Rta has been
shown to bind to the DcR3 promoter and upregulate DcR3
expression [82]. Moreover, EBV latent membrane protein 1 has
been shown to promote DcR3 expression via NF-kB- and PI3K-
mediated signaling events [83]. This demonstrates the ability of
virus-encoded transcription factors to upregulate DcR3 expression
in cancer cells.

6.2. Upregulation of DcR3 by NF-kB

Recent studies have demonstrated that inflammation is a key
factor in the induction of DcR3 expression. For example, increased
expression of DcR3 by appendix epithelia from patients with acute
appendicitis [84] and by the epithelial layer of ileum specimens
from patients with Crohn’s disease [76] has been observed.

In vitro studies have confirmed the abilities of intestinal
epithelial cells to express DcR3 in response to lipopolysaccharide
(LPS) or TNF-a stimulation [76,85], where mechanistic studies
using intestinal epithelial cells [76] and human pancreatic cancer
AsPC-1 cells [39] have identified NF-kB activation as being
essential for DcR3 expression. In addition, Toll-like receptor-
induced DcR3 release from human intestinal epithelial cell lines
appears to be via the activation of ERK1/2, JNK, Src-like protein
tyrosine kinases, PI3K, and the transcription factor NF-kB [84].
Immune cells, such as monocytes and macrophages, have also been
shown to express DcR3 following chronic exposure to silica [74] or
bacterial antigens [75], and DcR3 is upregulated in lamina propria
T cells from the inflamed mucosa of ulcerative colitis patients [85].
Tumorigenesis is typically associated with chronic inflammation,
where upregulation of DcR3 expression might further amplify the
inflammatory response via its non-decoy effects on immune cells,
thus promoting a microenvironment permissive tumor growth.

6.3. DcR3 expression by keratinocytes

DcR3 mRNA is constitutively expressed at high levels by
cultured human keratinocytes, with a rapid decrease in expression
upon exposure to UVB irradiation [86]. This suggests that DcR3
may play an important homeostatic role within the epidermis. In
eel keratinocytes LPS treatment promotes increased expression of
DcR3 [7].

6.4. DcR3 expression in genital organs

As well as contributing to the host response to inflammatory
insults, DcR3 has been suggested to play a role in follicular and
placental development in vertebrate ovaries. In the brook trout DcR3
mRNA was detected in the ovary, where its expression by granulosa
cells is substantially upregulated by phorbol ester stimulation, and
in the testes. Moreover, trout DcR3 mRNA levels undergo cyclical
changes during natural ovulation; expression is upregulated during
the 24 h period immediately post-ovulation and then progressively
downregulated [87]. In humans, serum DcR3 levels also exhibit
cyclical changes during the menstrual cycle, tending to be highest
during the mid-luteal phase, while DcR3 expression by cultured
human endometrial cells is upregulated in response to estrogen and
progesterone in a dose-dependent manner. The observation that
DcR3 protein levels are reduced in the endometria of anembryonic
pregnancies suggests an active role for DcR3 in the maintenance of
successful pregnancies [88]. Another study reported reduced levels
of DcR3 mRNA in granulosa cells from atretic ovarian follicles
compared to healthy follicles, where this might contribute to
granulosa cell apoptosis during atresia [89]. A potential role for DcR3
in placental development was revealed by immunohistological
studies, which identified cell-specific and temporally programmed
expression patterns for LIGHT and its receptors, DcR3 and LT[3R.
DcR3, LIGHT and LTRR are present in human syncytiotrophoblast
and cytotrophoblast cells during the early (6-7 weeks) and early-to-
middle (8-13 weeks) phases of gestation. In contrast, these proteins
were detected in placental stromal cells only from week 8 onwards.
These results suggest that the LIGHT-DcR3-LT3R system may
regulate the early-to-middle stages of placental development, and
may play a role in preserving the immune privilege of the placenta
[90]. Since mice do not express DcR3, these potential functions of
DcR3 could be tested in vivo by comparison of wild-type and DcR3-
transgenic mice; these studies might shed light on whether
recombinant DcR3 might be utilized to enhance the rate of
successful pregnancy in the future.

7. DcR3 as a potential therapeutic agent
7.1. Type 1 diabetes

Given that type I diabetes is a Thl-mediated autoimmune
disease, DcR3-mediated Th1 suppression becomes a new strategy
for this condition. In vivo and in vitro studies support the notion
that DC-derived Th1 activity contributes to disease progression,
where DcR3 might limit this by modulating DC differentiation
[91,92]. DcR3.Fc treatment of bone-marrow-derived DCs from
nonobese diabetic (NOD) mice, the prototype animal model of type
I diabetes, leads to upregulation of CD86 and downregulation of
CD80, suggesting a skewing of the T-cell response towards the Th2
phenotype. Consistent with this, DcR3.Fc-treated DCs significantly
reduced the proliferation of CD4" T cells and the secretion of [FN-y
from T cells as compared to untreated DCs [90]. In adoptive
transfer experiments, NOD mice receiving DcR3.Fc-treated DCs
and autoreactive T cells exhibited delayed onset of diabetes and a
decrease in diabetic severity compared to mice that received
normal DCs and T cells [91].
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The failure of islet transplantation for type I diabetes therapy
primarily results from either islet primary nonfunction (PNF) or
graft rejection. PNF is defined as the loss of islet function after
transplantation for reasons other than graft rejection, and is an
obstacle to successful and efficient islet transplantation. In a study
using NOD mice, where DcR3.Fc was administered intraperitone-
ally twice a day at 15 mg/kg/day, commencing immediately after
allogeneic islet transplantation, PNF (defined as blood glucose
>18 mM at 48 h post-transplantation) was totally prevented [91].
This led Wu et al. to claim that DcR3 is an effective inhibitor of Fas-
mediated islet PNF. LIGHT and TL1A, like Fas, are capable of
inducing islet cell apoptosis, and this suggests an alternative
mechanism through which DcR3 might protect islets [41]. The
ability of DcR3 to prevent chronic graft rejection was also observed
in transgenic mice, where islet-specific expression of DcR3
protected mice from autoimmune and cyclophosphamide-induced
diabetes [93]. Moreover, the transgenic islets were associated with
higher transplantation success rates and survived longer than
wild-type islets. These findings indicate that both local DcR3
expression and systemic administration of DcR3 plasmid or
protein can significantly inhibit insulitis and diabetes. Finally it
is interesting to note that lymphocytes from DcR3.Fc-treated mice
display reduced proliferative potential and can ameliorate diabetes
by adoptive transfer [92].

Taken together, current data support the potential of DcR3 as a
therapeutic agent for type 1 diabetes. Importantly, islet-specific
expression of DcR3 does not alter the integrity of islets, affect
systemic immune responses or promote tumor cell growth [93].
Therefore, genetic manipulation of beta cells to promote DcR3
expression could improve the success and longevity of islet
transplants.

7.2. Organ transplantation

Graft rejection is still a major barrier to successful outcomes in
transplantation surgery. New strategies to reduce T-cell-mediated
immunoreactivity, prolong the lifespan of graft function and
minimize systemic side effects are an important requirement. The
immune-evasive and Th2-promoting properties of DcR3, described
above in the context of type 1 diabetes, might also confer benefits
by prolonging xenograft survival other than islet transplantation
[94]. Indeed, DcR3.Fc can suppress the production of lymphokines
(IFN-y and GM-CSF) by alloantigen-stimulated mouse T cells ex
vivo, inhibit cytotoxic T lymphocyte development in vitro, and
ameliorate the rejection of heart allografts in vivo [40].

7.3. Rheumatoid arthritis

RA is a chronic inflammatory disease with an autoimmune
etiology and complex pathogenesis that involves synovial cell
proliferation and fibrosis, pannus formation, and cartilage and
bone erosion. This disease process is mediated by an interdepen-
dent network of proinflammatory cytokines. Recently, compelling
evidence emerged to suggest that DcR3 might be able to attenuate
joint inflammation by neutralizing TL1A, LIGHT, and FasL, where all
three of these ligands have been shown to play critical roles in the
pathogenesis of collagen-induced arthritis (CIA) in mice.

It has been reported that TL1A aggravates CIA, with TL1A
administration leading to the occurrence of multiple enlarged
germinal centers in the spleen, and elevated serum anti-collagen
Ab titers. TL1A also augments TNF-a production by T cells as a
consequence of T-cell receptor ligation, and greatly enhances Th17
differentiation and IL-17 production [95]. In contrast, treatment
with an antagonistic anti-TL1A mAb protects animals from CIA
[96]. LIGHT also plays a role in immunopathogenic conditions that
are associated with bone loss, e.g. it has been shown to induce

proliferation and inflammatory responses in RA synovial fibro-
blasts via LTBR [97]. Prophylactic treatment with an inhibitor of
LIGHT, LTBR-Ig, was shown to block the induction of CIA in mice
and adjuvant arthritis in Lewis rats. Treatment with LTBR-Ig also
ablated follicular DC networks in the draining lymph nodes,
suggesting that impaired class switching and affinity maturation
might be the cause of decreased levels of pathological auto-
antibodies [97]. In addition to TL1A and LIGHT, activation of the
FasL-Fas system was reported to trigger a proinflammatory
response in rheumatoid synoviocytes [18]; this is likely due to
activation of NF-kB and AP-1, and expression of genes, such as
MMPs and chemokines [18].

7.4. Kidney disease

DcR3 has been identified as a novel biomarker for disease
progression in patients with chronic kidney disease. DcR3 levels in
serum are significantly increased in autoimmune crescentic
glomerulonephritis, and administration of recombinant DcR3.Fc
can prevent the development of this disease [80]. This beneficial
effect might be due to modulation of T-cell activation/proliferation
or B-cell activation, protection against apoptosis or suppression of
mononuclear leukocyte infiltration into the kidney.

7.5. Multiple sclerosis

It has been reported that administration of recombinant
DcR3.Fc fusion protein has a significant ameliorative effect on
EAE symptoms as evidenced by a lower clinical score and reduced
inflammation in the spinal cord. Expression of TNF-c, IFN-v, and
IL-17 was found to be diminished in the spinal cords in DcR3-
treated mice [79], while there was a dramatic reduction in IL-17-
producing CD4" T cells and increased numbers of IL-4-producing
CD4"* T cells in the central nervous system. Moreover, myelin
oligodendrocyte glycoprotein-specific T-cell proliferation was
significantly inhibited in DcR3-treated mice, while adoptive
transfer studies demonstrated that splenocytes from DcR3-treated
mice retained their disease-inhibiting ability [79]. This suggests
that DcR3 is able to suppress encephalitogenic Th17 cells, and has
potential as a treatment for human multiple sclerosis. This is in line
with previous observations that treatment of proteolipid protein-
specific lymph node cells with DcR3.Fc protein resulted in
suppression of IFN-y and IL-17, reduced numbers of Th17 cells
and diminished encephalitogenicity [98].

7.6. Inflammatory bowel disease

There is evidence for the association of the DcR3-TL1A-LIGHT
system with IBD. This common inflammatory disorder has a
complex etiology involving both genetic and environmental
triggers, including defects in the mucosal barrier, as well as
persistent dysregulation of the immune response to commensal
bacteria in the intestine. A genome-wide study identified loci on
chromosomes 20q13, close to the DcR3 gene, as being significantly
associated with IBD [99]. In addition, TL1A [31] and LIGHT [24]
have been described as pathological mediators of IBD. Therefore,
DcR3.Fc may have beneficial effects on IBD via neutralizing TL1A
and LIGHT. It would also be interesting to test whether aberrant
expression of DcR3 correlates with the onset and severity of IBD.

7.7. The therapeutic potential of DcR3 is limited by its instability

As with all biologics, the in vivo stability of DcR3 protein will
determine its efficacy as a therapeutic agent. Previous studies
showed that, following subcutaneous administration in primates
and mice, DcR3 is rapidly degraded to a major circulating fragment,



W.-W. Lin, S.-L. Hsieh/Biochemical Pharmacology 81 (2011) 838-847 845

DcR3(1-218) [100]. This metabolic product retains its affinity for
LIGHT, but no longer binds to FasL. However, when DcR3 was
modified by changing the arginine residue at position 218 to
glutamine to generate DcR3(R218Q), its half-life following
intravenous administration was prolonged and its function as a
decoy receptor for LIGHT and FasL was retained [100]. Therefore,
the feasibility of utilizing DcR3 as a therapeutic agent will depend
on the success of strategies to increase its stability, while
maintaining its binding specificity for FasL, LIGHT and TL1A, as
well as preventing immunogenicity to host immune system.

8. Conclusions and perspectives

DcR3 is a novel immunosuppressant whose biological functions
result in part from its ability to neutralize the activities of TL1A,
LIGHT and FasL, as well as from non-decoy functions. Since soluble
DcR3 levels will likely affect the homeostasis of cells and tissues,
understanding the regulation of DcR3 expression in specific
pathophysiological conditions might provide important insights
into disease progression and treatment.

The overexpression of DcR3 protein might provide an important
biomarker, which could aid in the diagnosis, e.g. of high-grade
carcinoma. Indeed, DcR3 has been identified as an indicator of
disease prognosis, which may result from the potent effect of DcR3
in skewing macrophages into TAM and, thus, promoting tumor
growth and invasion Therefore, monitoring DcR3 expression may
be useful for the diagnosis of cancers as well as for the
determination of differentiation, metastasis, and carcinoma stage.

Within the TNFR family, DcR3 is the only member capable of
neutralizing three ligands. Therefore, recombinant DcR3.Fc has a
substantial impact on inflammatory processes. It is noteworthy
that mouse and rat do not express DcR3, although both species
express FasL, LIGHT, and TL1A and respond to treatment with
human DcR3. In humans, DcR3 is upregulated in pathological
conditions such as cancer, autoimmune and inflammatory
diseases; this, therefore, raises a great concern as to how well
murine models of these conditions reflect what is happening in
humans, especially in diseases involving FasL, LIGHT, and TL1A.

Although the importance of DcR3 in the regulation of human
disease has been revealed in recent years, several hurdles must be
overcome to fully understand this mysterious molecule. First, how
DcR3 modulates host immunity via ‘non-neutralizing’ effect is still
unclear. We have shown that DcR3 is able to induce macrophage
differentiation and trigger signaling via cross-linking GAGs. In
addition, DcR3_HBD.Fc, a fusion protein comprising the GAG-
binding region of DcR3 with an Fc fragment, has the same effect as
DcR3.Fc in activating PKC and inducing cell adhesion [53].
However, there still is a gap between HSPG activation and the
triggering of downstream signaling cascades. The second challenge
is to understand the regulation of DcR3 expression, where DcR3 is
almost undetectable in non-pathological conditions, but is highly
upregulated in tumor cells from various origins. Thus, DcR3 might
be upregulated by common factors that are activated in cancer
cells from different lineages. Since DcR3 has potent suppressive
effects on host immunity, inhibiting its expression might be
beneficial in the treatment of cancers. On the other hand, turning
on DcR3 expression may help to control the onset of autoimmune
disease and other inflammatory conditions.
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