
Human normal hepatocytes are susceptible to
apoptosis signal mediated by both TRAIL-R1 and
TRAIL-R2

E Mori1, M Thomas1, K Motoki1, K Nakazawa1, T Tahara1,
K Tomizuka1, I Ishida1 and S Kataoka*,1

1 Pharmaceutical Research Laboratories, Kirin Brewery Co. Ltd., 3 Miyahara,
Takasaki, Gunma 370-1295, Japan

* Correspondence: S Kataoka. Tel: þ 81-27-346-9788;
Fax: þ 81-27-346-1971; E-mail: s-kataoka@kirin.co.jp

Received 05.9.03; revised 09.9.03; accepted 09.9.03; published online 24.10.03
Edited by Dr. H Ichijo

Abstract
Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) triggers apoptosis in tumor cells without toxicity to
normal cells, but some recombinant versions of TRAIL
caused hepatocyte death. We generated fully human mono-
clonal antibodies (mAbs) that bind specifically to TRAIL
receptor 1 (TRAIL-R1) and TRAIL receptor 2 (TRAIL-R2), which
mediate apoptosis signal when they ligate with TRAIL, to
investigate the contribution of each receptor to induce tumor
cell apoptosis and hepatocyte toxicity. All of mAbs to TRAIL-
R1 and TRAIL-R2 induced cell death in several cancer cell
lines susceptible to TRAIL but not in human umbilical vein
endothelial cells in vitro. Both anti-TRAIL-R1 mAbs and anti-
TRAIL-R2 mAbs also caused cell death in hepatocytes.
However, a subset of mAbs to TRAIL-R2, which was
characterized by the TRAIL blocking activity, did not show
strong hepatocyte toxicity. These results indicate that human
normal hepatocytes are susceptible to both TRAIL-R1- and
TRAIL-R2-mediated apoptosis signal.
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Introduction

Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL)1,2 induces apoptosis in a wide variety of human
cancer cell lines, but not in most normal human cells.3,4 TRAIL
exhibits antitumor activity in tumor xenograft models3,4 and
when administered in vivo, TRAIL shows little toxicity to
normal tissues in mice and in non-human primates.4,5

However, it was reported that normal human hepatocytes,
astrocytes and other brain cells were killed by recombinant

soluble human TRAIL in vitro,3,6,7 which raised concern about
the safety of TRAIL in cancer therapy. Recently, it was
demonstrated that the method of preparing recombinant
soluble ligand might be important for assessing the results
of experiments with TRAIL.8,9

The mechanisms of hepatocyte toxicity by TRAIL remain
unclear because of the difficulty in detection of TRAIL receptor
expression in normal hepatocytes. TRAIL activates two
distinct receptors, TRAIL-R1 (DR4)10 and TRAIL-R2
(DR5),11-15 both possess a death domain in their cytoplasmic
tail that can engage the apoptotic machinery. Thus, it is
presumed that TRAIL-R1 and TRAIL-R2 or both are involved
in the hepatocyte toxicity. Multivalent antibodies directed to
these cell surface receptors in the TNF receptor family often
mimic the action of the ligand by inducing receptor aggrega-
tion and triggering signal transduction pathways.16-18 To
discern between the signaling of these two death receptors for
tumor apoptosis and hepatocyte toxicity, we generated fully
human monoclonal antibodies (mAbs) specific to TRAIL-R1
and TRAIL-R2.
Our study shows that the mAbs to TRAIL-R1 and TRAIL-R2

induced apoptosis in several human cancer cells in vitro, and
that hepatocyte toxicity was also induced via both TRAIL-R1
and TRAIL-R2. Furthermore, a subset of anti-TRAIL-R2mAbs
characterized by the TRAIL blocking activity was low toxic to
hepatocytes, which suggests that these antibodies may
provide an alternate approach to circumvent the problems of
hepatocyte toxicity, and that this potent biological signaling
system may be still utilized to treat human cancer.

Results

Generation of fully human mAbs to TRAIL-R1 and
TRAIL-R2

KM mice contain the human chromosome fragment encoding
the entire human immunoglobulin heavy-chain loci and the
YAC-transgene containing the human immunoglobulin kappa
light-chain gene and when immunized produce complete
human antibodies.19 We generated fully human mAbs
reactive with TRAIL-R1 or TRAIL-R2. All of these mAbs
specifically bound to the ectodomain of TRAIL-R1 or TRAIL-
R2 transfected in L929 cells as detected by flow cytometric
analysis (Figure 1a and b). The selected human mAbs to
TRAIL-R1 and TRAIL-R2 demonstrated relatively high affi-
nities to their respective antigens as detected by plasmon
resonance assay (Table 1).

In vitro apoptotic activity of human mAbs to
TRAIL-R1 and TRAIL-R2

The human mAbs to TRAIL-R1 and TRAIL-R2 were potent
inducers of death of Colo205 cells in vitro. In the presence of
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anti-human IgG, which oligomerizes mAbs, these mAbs
demonstrated potent agonistic activities on Colo205 cells in
a dose-dependent manner (Figure 2a), whereas mAbs alone
showed little cytotoxic activity (data not shown). To determine
whether the cell death induced by these mAbs upon cross-
linking was apoptosis or not, we measured effector caspase
activity in mAbs-treated cancer cell. In this cell line, DEVDase
activation was detected within 2 h after the mAbs treatment
(Figure 2b).
These mAbs induced cell death in other human tumor cell

lines that are susceptible to TRAIL, such as Jurkat, MDA-MB-
231, U251, but not human umbilical vein endothelial cells
(HUVECs) (Figure 3), which express TRAIL-R1 and TRAIL-
R2 but resistant to TRAIL.20 Although the degree of death
varied between these cell lines, the relative potency of each
mAb remained the same. However, in U251 glioma cell line
the mAbs did not induce death by the treatment with anti-
human IgG (data not shown), but required a combination
treatment with cis-diamminedichloroplatinum(II) (CDDP), a
DNA-damaging agent that resulted in cell death (Figure 3).
Recombinant human soluble TRAIL also required CDDP to
induce cell death of U251.21 This observation demonstrates
that TRAIL and mAbs to TRAIL receptors are similar in their
cytotoxic activity on these carcinoma cell lines. The activation
of caspase was also detected within 2 h after the mAbs
treatment in these cancer cell lines (data not shown). The
extent of caspase activation was different between cell lines;
however, it was correlated with the cytotoxic activity induced
by the mAbs. These results revealed that mAbs to TRAIL-R1
and TRAIL-R2 induced apoptosis of these carcinoma cells via
caspase activation.

Hepatocyte toxicity of human mAbs to TRAIL-R1
and TRAIL-R2

Hepatocyte toxicity of recombinant human soluble TRAILmay
limit the usefulness of this reagent for treating tumors in vivo.
Some preparations of TRAIL were reported to induce
apoptosis in human normal hepatocytes in vitro.6 We
investigated whether the human mAbs to TRAIL-R1 and
TRAIL-R2 were cytotoxic to human normal hepatocytes in the
presence of anti-human IgG. All of the mAbs to TRAIL-R1
induced significant death and activated effector caspase in
the hepatocyte cultures (Figure 4a and d). Although anti-
TRAIL-R2 mAbs also induced cell death and caspase
activation in hepatocytes, they were separated into two
groups, one with and the other without strong hepatocyte
toxicity (Figure 4b, c, e). A subset of mAbs to TRAIL-R2,

Figure 1 Binding activity of mAbs to TRAIL-R1 and TRAIL-R2. L929 cells
transfected with death domain-deleted human TRAIL-R1 (L929/R1DDD, a) and
TRAIL-R2 (L929/R2DDD, b) were stained with mAbs to human TRAIL-R1 or
TRAIL-R2, or control antibody. X-axis indicates the fluorescent signal intensity of
RPE

Table 1 Physical characteristics of human anti-human TRAIL-Receptor mAb

mAb Specificity h and l chain isotype TRAIL blocking ka
a (105/M/s) kd

b (10�4/s�1) KD
c (nM)

R1-A13 TRAIL-R1 IgG4, k + 1.1 4.6 4.2
R1-B6 TRAIL-R1 IgG1, k + 1.6 1.9 1.2
R1-B12 TRAIL-R1 IgG1, k + 1.6 7.8 4.9
R2-E11 TRAIL-R2 IgG1, k + 5.3 0.38 0.072
R2-L30 TRAIL-R2 IgG1, k + 6.1 14 2.3
R2-H48 TRAIL-R2 IgG1, k � 5.8 16 2.8
R2-F4 TRAIL-R2 IgG1, k � 5.6 7.1 1.3

Values are the means of at least two measurements over a ligand concentration range of 2–134 nM (mAbs to TRAIL-R1) and 0.5–8.4 nM (mAbs to TRAIL-R2)
aka¼association rate constant bkd¼dissociation rate constant cKD¼intrinsic dissociation constant (from kd/ka)

Figure 2 Apoptosis induced by mAbs via caspase activation. (a) Colo205 cells
were incubated with the indicated concentrations of mAbs to TRAIL-R1, R1-A13
(n), R1-B6 (m), R1-B12 (B) and TRAIL-R2, R2-E11 (&), R2-L30 (’), R2-
H48 (J), R2-F4 (K) and control antibody (E) in the presence of goat anti-
human IgG. After cells were incubated for 48 h at 371C, the cell viability was
determined. (b) Colo205 cells were incubated with mAbs to TRAIL-R1 and
TRAIL-R2 at 1 mg/ml in the presence (&) or absence (’) of goat anti-human
IgG. After cells were incubated for 2 h at 371C, the effector caspase activity was
measured
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R2-E11 and R2-L30 competitively inhibited the binding of
TRAIL to TRAIL-R2-Fc as detected by plasmon resonance
assay (Table 1). By contrast, the other subset, R2-H48 and
R2-F4, did not. These results indicated that normal human
hepatocytes expressed both functional TRAIL-R1 and TRAIL-
R2, and hepatocytes were susceptible to both TRAIL-R1- and
TRAIL-R2-madiated apoptosis signal.

Discussion

The reported toxicity to hepatocytes is largely dependent
upon the version of recombinant TRAIL.8 One possibility
causing the hepatocyte toxicity of the tagged versions of
TRAIL is due to poor zinc ion coordination and formation of
intersubunit disulfide bonds resulting in unstable heteroge-
neous oligomers.8 Recently, it was suggested that these
nonoptimized ligands might cause high-order multimerization
of TRAIL-R1 and TRAIL-R2, leading to apoptosis in the
normal cells including hepatocytes.9 However, these data
also indicated that functional TRAIL-R1 and/or TRAIL-R2
were expressed in hepatocytes. Ichikawa et al.18 demon-
strated that TRA-8, an anti-TRAIL-R2 mAb of mouse origin,
induced cell death in tumor cells but not in normal human
hepatocytes because of a lack of binding of TRA-8 by
hepatocytes. They suggested that there was little to no
expression of TRAIL-R2 on human hepatocytes. However,
our results presented here clearly indicate that all of the mAbs
to TRAIL-R1 and a subset of TRAIL-R2mAbs strongly caused
apoptosis in human hepatocytes, demonstrating that both
TRAIL-R1 and TRAIL-R2 are expressed and each receptor
alone is sufficient to mediate death signals in human
hepatocytes.

The mechanism of action of the anti-TRAIL receptor mAb is
likely to be quite complex, involving properties of the antibody
as well as features inherent to the tumor, that is, the stage of
differentiation of the tumor, and its resistance to death signals
at the time of introducing the antibody. A hint of this
interdependence is observed with the U251 tumor cells,
which required both CDDP and anti-TRAIL-receptor antibo-
dies to induce death. The anti-TRAIL-R2 mAb (R2-E11)
functions both as an antagonist and agonist, as an antagonist
in its ability to block ligand binding (which may confer the low
heptotoxicity), and as agonist through its antitumor activity.
This dual behavior is a property inherent to the mechanism of
activating the TNF receptors. Signaling is normally activated
by receptor oligomerization caused by binding of the trivalent
ligand. Antibody binding to the receptor sterically inhibits
ligand access, while at the same time induces oligomerization
of the receptor due to bivalent combining sites of the antibody
molecule, which in turn initiates signal transduction pathways
in ways similar to the ligand. In the case of TRAIL receptor and
Fas, a supra-oligomerization is thought to be required for
activation of death signaling.22 In agreement with the
requirement of receptor oligomerization, our results indicate
that anti-TRAIL receptor mAbs require a crosslinking agent to
demonstrate agonistic activity in vitro. In contrast, in vivo,

Figure 3 Effect of mAbs on viability of cancer cell lines and HUVECs. Jurkat,
MDA-MB-231, U251 and HUVECs were incubated with the indicated
concentrations of mAbs to TRAIL-R1, R1-A13 (n), R1-B6 (m), R1-B12 (B)
and TRAIL-R2, R2-E11 (&), R2-L30 (’), R2-H48 (J), R2-F4 (K) and control
antibody (E) in the presence of goat anti-human IgG. For U251 cells, 4 mg/ml
CDDP was also added to the cultures. After cells were incubated for 48 h at 371C,
the cell viability was determined

Figure 4 Hepatocyte toxicity of mAbs to TRAIL-R1 and TRAIL-R2 in vitro.
Hepatocytes were treated with the indicated concentrations of mAbs to TRAIL-
R1, R1-A13 (n), R1-B6 (m), R1-B12 (B) and control antibody (E) in the
presence of goat anti-human IgG for 24 h (a), or mAbs to TRAIL-R2, R2-E11
(&), R2-L30 (’), R2-H48 (J), R2-F4 (K) and control antibody (E) in the
presence of goat anti-human IgG for 6 h (b) or 24 h (c). Human normal
hepatocytes were incubated with mAbs to TRAIL-R1 (d) and TRAIL-R2 (e) at
1 mg/ml in the presence (&) or absence (’) of goat anti-human IgG. After cells
were incubated for 2 h at 371C, the effector caspase activity was measured
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oligomerization of mAbs may be induced by an endogenous
linker, such as the interaction of the Fc portion of mAbswith Fc
receptor-bearing cells. The crosslinking of mAbs with Fc
receptor on effector cells in vivomay differ from that with anti-
human IgG in vitro. Therefore, the in vivo effects of
endogenous linkers on mAbs to TRAIL receptors need to be
further investigated.
Together, these results encourage the continued investiga-

tion of the TRAIL cytokine-receptor system for the treatment
of human cancers. Fully human antibodies may avoid the
potential problems arising from immunization of treated
patients, and with the lack of hepatotoxicity, should prove
valuable in this effort to develop effective immunotherapeutics
for malignant disease.

Materials and Methods

Cell lines

Colo205 (colorectal adenocarcinoma), Jurkat (T-cell leukaemia) and MDA-
MB-231 (breast adenocarcinoma) were obtained from American Type
Culture Collection (ATCC, Rockville, MD, USA). U251 (glioblastoma) was
obtained from RIKEN CELL BANK (RCB, Tsukuba, Japan). Cell lines were
maintained in RPMI1640 or DMEM supplemented 10% fetal bovine
serum, streptomycin. HUVECs were purchased from Clonetics (Walkers-
ville, MD, USA) and maintained in the medium recommended by the
supplier.

KM mice (KM MouseTM)

KM mice were generated by cross breeding double trans-chromosomic
mice and transgenic mice.19 KM mice possess the human chromosome
fragments containing the entire human immunoglobulin heavy-chain loci
and the YAC-transgene for 50% of the human immunoglobulin kappa light-
chain loci. KM mice are engineered to neither express endogenous
immunoglobulin heavy chain nor kappa light chain.

Generation of fully human mAbs to TRAIL-R1 and
TRAIL-R2

KM mice were immunized by standard methods with L929 cells
transfected with either death domain-deleted TRAIL-R1 (amino acids 1–
351) or TRAIL-R2 (amino acids 1–348) as the immunogen and fused
with SP2/0 cells (ATCC, Rockville, MD, USA). Antibody-secreting
hybridomas were initially screened by a plate-bound ELISA and
secondarily by flow cytometry. Isotypes of mAbs were determined in an
isotyping ELISA (The Binding Site, Birmingham, UK). Antibodies were
purified from hybridoma culture supernatants with Protein A (Amersham
Biosciences Corp., Piscataway, NJ, USA) by standard methods.

Flow cytometry

Cells (1� 106 cells/sample) were washed with PBS containing 1% FBS
and 0.1% NaN3 and incubated with 1 mg/ml of human mAbs to TRAIL-R1
and TRAIL-R2 for 1 h on ice. Cells were washed and stained with R-
phycoerythrin (RPE)-labeled rabbit polyclonal anti-human kappa light
chains antibodies (DAKO, Glostrup, Denmark) on ice for 1 h. After
washing, cells were analyzed on FACScan flow cytometer (BD, Franklin
Lakes, NJ, USA).

Cytotoxicity assay

Cancer cell lines and HUVECs were seeded in 96-well plates (1� 104 per
well) and incubated with the indicated concentrations of human mAbs to
TRAIL-R1 and TRAIL-R2 with or without goat anti-human IgG (10 mg/ml)
for 48 h. Cell viability was determined by CellTiter 96s AQueous Non-
Radioactive Cell Proliferation Assay (Promega, Madison, WI, USA).

Human hepatocyte cultures

Human normal hepatocytes were purchased from Tissue Transformation
Technologies (Edison, NJ, USA) and In Vitro Technologies (Baltimore,
MD, USA). Hepatocytes were dispensed into a type-I collagen-coated
plate (BD, Franklin Lakes, NJ, USA) in CM5300 medium (CEDRA, Austin,
TX, USA). After overnight incubation at 371C, the plate was washed with
PBS to remove unattached cells. Hepatocytes were incubated in CM5300
containing the indicated concentrations of human mAbs to TRAIL-R1 and
TRAIL-R2 with or without goat anti-human IgG (10 mg/ml) for 6 or 24 h.
Hepatocyte viability was determined by CytoTox 96s Non-Radioactive
Cytotoxic Assay (Promega, Madison, WI, USA).

Caspase activity

Cancer cell lines and human normal hepatocytes were seeded and
incubated with human mAbs to TRAIL-R1 and TRAIL-R2 (1mg/ml) with or
without goat anti-human IgG (10 mg/ml) for 2 h. Caspase activity was
measured by Apo-ONEt Homogeneous Caspase-3/7 Assay (Promega,
Madison, WI, USA) and potency of caspase activation was calculated
compared to nontreated cells.
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