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Abstract

TWEAK and APRIL are both members of the tumor necrosis factor family, which are involved in respectively angiogensis and immune
regulation. While TWEAK is processed at the cell surface, APRIL is processed inside the cell by a furin-convertase and is solely able to
perform its function as a soluble factor. Recently, TWE-PRIL has been identified, which is an endogenous hybrid transcript between
TWEAK and APRIL. TWE-PRIL is a transmembrane protein that consists of a TWEAK intracellular, transmembrane and stalk region
combined with APRIL as its receptor-binding domain. As such TWE-PRIL is expressed at the cell surface. Although TWE-PRIL, like
APRIL, can stimulate T and B cell lines, distinct biological functions that may result from its membrane anchoring cannot be excluded.
Understanding the function of this newly identified protein will contribute to the elucidation of the complexity of the tumor necrosis factor

family.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The balance between life and death is essential in the
regulation of the immune system. The discovery of several
new members of the tumor necrosis factor (TNF) family
has contributed to the elucidation of regulatory mechan-
isms in this complex system. The TNF family consists of
receptors and ligands involved in the regulation of differ-
entiation, survival, proliferation and death pathways [1].
TNF receptor family members are transmembrane type |
proteins. Their N-terminal domain contains between one
and four cysteine-rich repeats that constitute the ligand-
binding site. The C-terminal domain of the receptor is
responsible for signaling, which typically occurs via
adaptor molecules like TRADD [2], FADD [3,4], RAIDD
[5] or TRAFs [6]. TRADD can be regarded as an upstream
adaptor that creates a platform to which FADD and
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TRAFs can bind. TRAFs can activate NF-kB and c-jun
N-terminal kinase, resulting in proliferation and differ-
entiation [7]. In contrast, FADD recruits regulatory
domains of the initiator caspases-8 and -10, resulting in
cell death. Similarly, RAIDD has been shown to couple to
caspase-2 and initiate apoptosis. It is important to note,
however, that this separation is not as strict, as FADD, for
instance, can recruit RIP kinase and also mediate NF-xB
activation [8].

TNF ligands are transmembrane type II proteins that
contain a C-terminal domain oriented towards the cyto-
plasm. The extracellular domain contains a 3 jellyroll
topography [9] and is important for trimerization. The
trimerization is, with a possible exception for CD70
important for the function of the ligands. Cleavage in
the stalk region between the transmembrane segment-
and receptor-binding domains is frequently observed. Pro-
cessing and subsequent release of the membrane bound
ligand occurs either to release a biologically active form
(e.g. TNF), or to downregulate transmembrane activity
(CD95L). TNF family members can therefore act as solu-
ble or transmembrane ligands depending on the ligand
studied. The family of TNF ligands can be divided into
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subfamilies. For instance, one subfamily is made up of all
death domain containing receptors. This review will focus
on TWE-PRIL, a fusion protein between TWEAK and
APRIL, which belong to a subfamily that is made up of
BAFF, APRIL, TWEAK and EDA [10].

2. TWEAK

TWEAK (TNFSF12) was first identified as a factor that
is able to induce apoptosis in several tissues and cell lines
[11-13]. In agreement, a recent paper shows that TWEAK
is expressed on human peripheral blood (PB) monocytes
upon IFNy stimulation and seems to be involved in IFNy
stimulated cytotoxicity against TWEAK sensitive tumor
cells [14]. In contrast to this cytotoxic effect, it has been
reported that TWEAK induces NF-kB activation [11],
proliferation of endothelial cells and subsequently angio-
genesis [15]. Like several other TNF family members,
TWEAK is cleaved at the cell surface by furin, a ubiqui-
tously expressed pro-protein convertase that processes
many inactive precursors including hormones, growth
factors and receptors [16]. This processing at the furin
cleavage site located on the N-terminal side of the TNF
homology domain permits the release of a soluble form of
TWEAK, which is able to weakly induce apoptosis and
play a role in angiogenesis [11,17]. However, TWEAK is
active as a membrane-bound form in IFNy stimulated
monocytes as well [14]. This indicates that TWEAK is
active in both forms, although a biological difference
cannot be excluded (Fig. 1).

3. TWEAK receptors

The group of Marsters et al. identified TWEAK as a
ligand for the DR3/Apo3/wsl/TRAMP/LARD receptor
[12]. The cytoplasmic death domain (DD) of DR3 shows
homology with the DD of TNFR-1, Fas, TRAIL-R1 and
TRAIL-R2 and DR6, and can induce apoptosis as well as
NF-kB activation by recruiting TRADD, TRAF, FADD
and caspase-8 [10,18,19]. DR3 is expressed in tissues of
the immune system, specifically the spleen, thymus and
peripheral blood leukocytes (PBLs) with little or no
expression in the other tissues examined [20]. Conflicting
data, however, have been reported on this TWEAK-DR3
interaction. Schneider et al. show that TWEAK-induced
apoptosis is indirect and critically depends on the interac-
tion of endogenous TNFa with TNF-R1 [13]. More impor-
tantly, Kym-1 cells do not express DR3, while binding of
TWEAK to the cell surface is clearly detected. In addition,
Kaptein et al. [21] show that TWEAK could not bind to
DR3, using an in vitro binding study. These groups there-
fore proposed the existence of an unidentified receptor for
TWEAK. Such a receptor was recently cloned from a
human umbilical vein endothelial cell (HUVEC) library
[22]. The cytoplasmic domain of Fnl4 is able to bind to
TRAFs 1, 2, and 3. Cross-linking of Fn14 induces HUVEC
growth, and its mRNA levels are upregulated in vitro by a
variety of agents as well as in vivo following arterial injury.
Soluble Fnl4 inhibits endothelial cell migration in vitro
and corneal angiogenesis in vivo. Besides a role in angio-
genesis Fnl4 also plays a role in apoptosis [23]. Fnl4 is
expressed on the cell surface of all TWEAK sensitive

TWE-PRIL

Fig. 1. Generation of APRIL TWE-PRIL and TWEAK by one cell. APRIL (blue) is produced, processed in the Golgi and then secreted as a soluble form that
only contains the receptor-binding region. TWEAK (green) is produced as a transmembrane protein that goes to the cell surface. TWE-PRIL is produced as a
fusion protein between TWEAK and APRIL (green/blue) and contains the transmembrane intracellular region of TWEAK and the receptor-binding region of

APRIL. As such it goes to the cell surface.
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tumor cell lines. Moreover, an anti-Fn14 mAb that blocks
TWEAK-Fnl4 interaction could totally abrogate
TWEAK-binding and TWEAK-induced cell death in all
these tumor cell lines. Taken together, these results
revealed that TWEAK-induced cell death and angiogenesis
are solely mediated by Fnl4 and that the TWEAK-Fn14
interaction can stimulate the NF-«xB transcription factor-
signaling pathway.

4. APRIL

APRIL transcript levels were reported to be low in
normal tissues, among which the highest levels are found
in PBLs [24]. In contrast, higher mRNA levels were
detected in leukemia cell lines, and lymphoid tissues
[24,25] and endogenous APRIL protein has been detected
in human myeloid leukemia cell lines, including U937 and
Mono Mac 1 4 [26].

APRIL is found close to the telomeric end of chromo-
some 17p13.1 and in a similar synthetic position on mouse
chromosome 11 [27]. In both the mouse and human
genome the APRIL gene is flanked within 1-2 kb by
TWEAK and on the other side by Smt3ipl/Senp-3, a
member of the sentrin/SUMO specific protease family
[28]. APRIL shares 50% similarity with BAFF (also
THANK, TALL-1, BlyS and zTNF4), as well as several
biological activities [10]. The difference between APRIL
and BAFF is that BAFF is released from the cell surface by
processing at the cell membrane, while APRIL is pro-
cessed in the Golgi by a furin convertase, prior to its
secretion [29]. APRIL can therefore solely act as a soluble
factor, which intracellularly regulated, is a exceptional
maturation pathway among the TNF ligand family mem-
bers.

It has been shown that APRIL is able to promote tumor
growth. APRIL-transfected NIH-3T3 cells display an
increased growth rate in vitro, but more importantly greatly
enhance tumor outgrowth in vivo as compared to their
control-transfected counterparts [24]. In contrast, others
have shown that APRIL can display pro-apoptotic activity,
similar to CD95L [27]. Furthermore, APRIL can have a
protective effect against death-induced apoptosis [30]. This
is associated with an upregulation of X-linked inhibitor of
apoptosis (XIAP), a member of the inhibitor-of-apoptosis
(IAP) family that are thought to block death via indirect
inhibition of caspases [31].

More recent data show that APRIL can act as a co-
stimulator of primary T and B cells [32], suggesting a role
for this ligand in immune regulation. To analyse this in
further detail, we generated mice expressing APRIL as a
transgene in T cells [33]. The transgenic mice appear
normal and do not show any B cell hyperplasia. In vitro,
however, transgenic T cells reveal a greatly enhanced
survival, which is detected in activated CD4 T cells
in vivo as well. This increased survival correlated with

elevated expression levels of the anti-apoptotic protein
Bcl-2. Besides its effects on T cells, transgenic expression
of APRIL affects T cell independent humoral responses.
This is likely explained by the more recent observation of
Litinskiy et al., which show that dendritic cells upregulate
APRIL expression upon exposure to interferon-alpha,
interferon-gamma or CD40 ligand and that this induces
class-switching in B cells [34]. Taken together, these
results suggest that APRIL is able to critically link the
innate and adaptive immune responses.

Unfortunately, however, these suggestions could not be
corroborated by deletion of the APRIL gene as conflicting
results have been reported on the APRIL knockout. One
report states that deletion of the APRIL gene led to
embryonic lethality, which was likely due to a defect in
the development of the heart (reviewed in [35]). This might
implicate for an important and unique function for APRIL
during development. In contrast, however, the group of
Ashkenazi have successfully generated a mouse deficient
for APRIL. This strain shows no histological abnormalities
and more importantly no defects in T or B cell responses
(A. Ashkenazi, personal communication). Although, this
would argue for a redundant role of APRIL, it is not yet
clear how these apparently conflicting findings can be
resolved.

5. APRIL receptors

Two receptors of the TNF family have been identified
that can bind to both APRIL and BAFF, called B cell
maturation antigen (BCMA) and transmembrane activator
and calcium modulator ligand interactor (TACI) [36—40].
More recently, a third receptor has been identified, which
can bind only to BAFF, BAFF-R/BR3 [41,42]. BCMA and
BAFF-R are expressed on B cells, whereas TACI is also
expressed on activated T cells [43]. Studies with TACI- and
BCMA-deficient mice revealed that the TACI-deficient
mice show B cell expansion rather than death, while the
phenotype of the BCMA-deficient mice seems normal [44—
47]. This might indicate for a negative role for TACI during
the regulation of B cell growth and a possibly redundant
role for BCMA. In agreement, a recent paper shows that
TACI knockout mice develop fatal lymphoproliferation
and autoimmunity [48]. Furthermore, TACI agonistic anti-
bodies inhibit proliferation and a chimeric receptor con-
taining the TACI intracellular domain induces apoptosis,
suggesting that TACI plays an important role in B cell
homeostasis.

The signal transduction pathways utilized by BCMA,
BAFF-R and TACI are only partly characterized. The
receptors do not contain death domain motifs, however,
can bind to TRAF through TRAF-binding sites present in
the intracellular domain of the receptors. Activation of the
BCMA receptor results in activation of NF-«xB, p38,
MAPK, and JNK [49], while activation of TACI results
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in activation of the transcription factors NF-«xB, AP-1 and
NF-AT [50].

The thought of the existence of a third receptor of
APRIL first came to the light when several cell lines
showed positive FACS staining upon incubation with
Flag-APRIL [51], while these cell lines were deficient
for TACI and BCMA on Northern blot analysis. In agree-
ment, BAFF did not bind to these cells. Taken together,
these results support the existence of a third receptor that is
specific for APRIL. In agreement, the results obtained on
immune regulation could also not be explained by the
expression of TACI or BCMA. BCMA is only expressed on
B cells, while TACI is only expressed on activated T cells.
T cells will respond to APRIL independently of their
activation and therefore it seems that a third receptor must
be present, which is responsible for this stimulation. In
addition, it has recently been reported that besides acting as
homotrimers, BAFF and APRIL together can form hetero-
trimeric complexes. Such complexes have been found in
the serum of patients with systemic immune-based rheu-
matic diseases [52]. However, their exact function remains
to be elucidated.

6. TWE-PRIL

TWE-PRIL was first detected when Northern blot ana-
lysis were performed on RNA samples obtained from naive
T cells and T cells activated with a combination of anti-
CD3 and anti-CD28 [26]. Besides APRIL mRNA a second
larger mRNA appeared that could also be detected in two
monocytic cell lines as well as tumor cell lines. This
mRNA was identified as being a TWEAK-APRIL hybrid.
The human TWEAK gene is situated 878 bp upstream of
the APRIL transcription start site. Human TWEAK con-
tains seven exons and six introns, while human APRIL
contains six exons and five introns, which are transcribed to
mRNA. TWE-PRIL mRNA compasses TWEAK exons 1-
6, fused to APRIL exons 2-6 using the splice donor/
acceptor sites of TWEAK and APRIL. The TWE-PRIL
protein is a membrane-bound protein, consisting of the
intracellular, transmembrane and stalk region of TWEAK
fused to the APRIL receptor-binding domain. Transfection
experiments revealed that TWE-PRIL is expressed at the
membrane as measured by immunohistochemistry and
FACS analysis. In addition, Western blot analysis showed
expression of TWE-PRIL with both anti-TWEAK and anti-
APRIL antibodies. More importantly, endogenous protein
expression of TWE-PRIL is observed at significant levels
in T cells, as well as in a monocytic cell line. Previous
studies showed that APRIL induces proliferation in Jurkat
cells [24,29]. To test whether TWE-PRIL displayed a
similar biological activity, TWE-PRIL transfectants were
co-cultured with Jurkat and Ramos cells. This indeed
resulted in an increase in cell division, indicating that
TWE-PRIL is able to induce cell proliferation.

As APRIL and TWE-PRIL share the same receptor-
binding domain, they will probably bind to the same
receptors. Ramos cells express both TACI and BCMA
[51], while Jurkat is deficient for those receptors, yet is
sensitive to APRIL. It therefore likely expresses the uni-
dentified receptor for APRIL. As TWE-PRIL promotes
proliferation in both these cell lines, this indicates that
TWE-PRIL recognizes the same receptors as APRIL.
Whether TWE-PRIL and APRIL recognize the receptors
with the same affinity, however, remains to be determined.
In this case it is interesting to note that the transmembrane
form of TNF is superior to soluble TNF in activating
TNFR2 [53], suggesting that differences in affinity for
the same receptor can occur.

Intergenic splicing of eukaryotic genes has been
reported before [54-59]. This is the first time, however,
that the splicing affects two genes of the same family and
results in a functional protein. Another member of this
subfamily, EDA, also consists of two isoforms, EDA-A1
and EDA-A2, which only differ by the insertion of two
amino acids [60]. This insertion functions to determine
receptor-binding specificity, such that EDA-A1 binds only
the receptor EDAR, whereas EDA-A2 binds only the
related, but distinct, X-linked ectodysplasin-A2 receptor
(XEDAR). Apparently, this TNF subfamily is character-
ized by receptor sharing (BAFF, APRIL and TWE-PRIL)
as well as ligand splicing (TWEAK/APRIL, EDA).

Although it has been reported that TWE-PRIL, like
APRIL, induces proliferation in Jurkat and Ramos cells,
a different biological role cannot be excluded. The same
phenomenon, for example, has also been described for
TNF, which acts differently as a soluble form as compared
to the membrane-bound form. Membrane bound TNF
supports many features of lymphoid organ structure, while
soluble TNF is needed for optimal inflammatory responses
[61]. As a membrane-bound form TWE-PRIL will solely
act in cell-cell contact, while this is not required for
processed APRIL. The possibility that APRIL may act
as a soluble and as a membrane-bound factor is an intri-
guing one that will allow temporal and spatial regulation of
an immunoregulatory ligand. Further analysis into the role
of the different forms is therefore awaited, but will
undoubtedly add to the complexity of the TNF family.
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