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Critical roles of TRAIL in hepatic cell death

and hepatic inflammation

Shi-Jun Zheng, Pu Wang, Galit Tsabary, and Youhai H. Chen

Department of Pathology and Laboratory Medicine, School of Medicine, University of Pennsylvania, Philadelphia,

Pennsylvania, USA

The TNF-related apoptosis-inducing ligand (TRAIL) induces apoptosis of tumor cells but not
most normal cells. Its role in hepatic cell death and hepatic diseases is not clear. In vitro studies
suggest that murine hepatocytes are not sensitive to TRAIL-induced apoptosis, indicating that
TRAIL may not mediate hepatic cell death. Using two experimental models of hepatitis, we found
that hepatic cell death in vivo was dramatically reduced in TRAIL-deficient mice and mice treat-
ed with a blocking TRAIL receptor. Although both TRAIL and its death receptor 5 were constitu-
tively expressed in the liver, TRAIL expression by immune cells alone was sufficient to restore the
sensitivity of TRAIL-deficient mice to hepatitis. Thus, TRAIL plays a crucial role in hepatic cell

death and hepatic inflammation.
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Introduction

Hepatic cell death is the leading cause of fatality in
patients with liver diseases. Although the morpholog-
ical characteristics of dying hepatocytes are well docu-
mented, the molecular pathways leading to the death
of hepatocytes under various pathological conditions
are not well understood. Recent studies suggest that
death ligands of the TNF family may play a crucial role.
Thus, both FasL and TNF appear to be involved in
mediating hepatic cell death in experimental models of
hepatitis, and blocking FasL and/or TNF may amelio-
rate the disease to various degrees (1-4). However,
whether and to what degree other death ligands are
involved in hepatic cell death are not clear.

The TNF-related apoptosis-inducing ligand (TRAIL)
induces apoptosis of tumor cells but not most normal
cells (5, 6). In humans, TRAIL interacts with at least four
membrane receptors that all belong to the TNF recep-
tor family. TRAIL receptor 1 (TRAIL-R1 or death recep-
tor 4) (7) and TRAIL receptor 2 (TRAIL-R2, death recep-
tor 5, TRICK2, or KILLER) (8, 9) have cytoplasmic death
domains and can activate both caspases and NF-kB
(10). The other two receptors, TRAIL-R3 (DcR1) and
TRAIL-R4 (DcR2), have truncated death domains.
They are not capable of activating caspase cascade but
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may activate NF-xB and block apoptosis (11). Addi-
tionally, osteoprotegerin is a soluble receptor for
TRAIL (11, 12) that is known to inhibit osteoclastoge-
nesis and increase bone density (13). In mice, only one
membrane TRAIL receptor has been identified, which
shares the highest sequence homology with human
death receptor 5 (DRS) (9). As do humans, mice also
have at least two decoy receptors that do not have
transmembrane domains (14).

The role of TRAIL in hepatic cell death is controver-
sial. Initial studies using soluble recombinant TRAIL
suggest that, unlike TNF and FasL, soluble TRAIL may
not induce hepatic cell death in mice and nonhuman
primates, although it kills sensitive tumor cells in these
animals (15, 16). However, when cultured in vitro, fresh-
ly isolated human hepatocytes, but not murine hepato-
cytes, are sensitive to apoptosis induced by soluble
TRAIL (17). These observations raise questions regard-
ing the roles of TRAIL in hepatic diseases. Are the func-
tions of TRAIL different from species to species, from
in vitro to in vivo systems? Are the functions of TRAIL
different from normal tissues to inflamed tissues? And
above all, is TRAIL involved in hepatic cell death in vivo,
and if so, to what degree? To address these questions, we
investigated the roles of TRAIL in hepatitis using mice
deficient in TRAIL. We found that TRAIL plays a crucial
role in both concanavalin A-induced (Con-A-induced)
and Listeria-induced hepatitis, and that blocking TRAIL
action in vivo protects mice from these hepatic diseases.

Methods

Mice. Normal BALB/c mice were purchased from The
Jackson Laboratory (Bar Harbor, Maine, USA).
TRAIL /- mice were generated by gene targeting as pre-
viously described (18) and backcrossed for more than
ten generations to BALB/c mice. All mice were housed
in the University of Pennsylvania animal facilities
under pathogen-free conditions.
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Induction and evaluation of Con-A—induced hepatitis.
Seven- to eight-week-old male mice were injected via
the tail vein with either a single dose (15-25 mg/kg of
body weight) or multiple doses (8 mg/kg) of Con-A
(Sigma-Aldrich, St. Louis, Missouri, USA). Blood was
obtained through orbital plexus bleeding, and alanine
aminotransferase (ALT) and aspartate aminotrans-
ferase (AST) levels were determined using the Sigma
transaminase kit (Sigma-Aldrich).

Histochemistry and TUNEL. Tissues were fixed in 10%
buffered formalin and embedded in paraffin. Tissue
sections (5 wm) were prepared and stained with H&E
or TUNEL as we described (19). The number of apop-
totic cells in sections was determined by light
microscopy. The total areas of tissue sections were
measured using Image-Pro Plus software (Media Cyber-
netics Inc., Silver Spring, Maryland, USA) in a blinded
manner. The degree of apoptosis in the tissue was
determined as the number of apoptotic cells divided by
the total area of the sections measured. A total of ten
tissue sections were analyzed for each animal.

Caspase-3 assay. To prepare liver extracts, we first
homogenized the tissue in hypotonic buffer (25 mM
HEPES [pH 7.5], S mM MgCl,, 1 mM EGTA, 1 mM
phenylmethylsulfonyl fluoride, and 1 mg/ml leupeptin
and aprotinin). Homogenates were then centrifuged at
20,000 g for 15 minutes. The protein concentration in
the supernatant was determined by the Bradford
method. Caspase-3 activity was measured with the flu-
orescent substrate Ac-DEVD-AFC (10 uM) according
to the manufacturer’s instructions (BD Biosciences,
San Diego, California, USA). Caspase-3 activity is
expressed as units per 50 g of total protein.

Adoptive cell transfer. Liver mononuclear cells (MNCs)
were isolated as previously described (20). Briefly, liver
tissue was pressed through a stainless steel mesh and

Figure 1

TRAIL7- mice are resistant to Con-A-induced hepatitis. Normal
(TRAIL**) and TRAIlL-deficient (TRAIL7/-) BALB/c mice, five per
group, were injected once with Con-A (25 mg/kg of body weight) to
induce hepatitis as described in Methods. Mice were sacrificed at dif-
ferent time points after the Con-A injection, and livers were harvest-
ed and tested as described in Methods. (a and b) Livers from
TRAIL** and TRAIL/~ mice, respectively, 24 hours after Con-A injec-
tion. (c and d) H&E staining of liver sections from TRAIL** and
TRAIL7/~ mice, respectively, 24 hours after Con-A injection. The
arrowhead indicates massive cell death in the TRAIL*/* liver section.
Original magnification, x200. (e and f) TUNEL staining of liver sec-

suspended in PBS. After washing, the cells were resus-
pended in 33% Percoll solution and centrifuged at 800
g for 15 minutes. MNCs were collected, washed, and
injected into the liver of recipient mice as previously
described (21, 22). A total of 2 X 107 MNCs per recipi-
ent mouse were used. The purity of the cell preparation
was tested by flow cytometry, and the percentages of
the following cell types were as follows: CD4*, 16.5% =+
0.8%; CD8*, 6% + 0.3%; B220", 36.5% + 3.8%; granulo-
cytes, 10.2% + 8.4%; macrophages, 3.7% + 0.9%; neu-
trophils, 1.5% + 0.4%; and NK cells, 0.9% + 0.1%. Simi-
larly, splenocytes, after removal of erythrocytes by
hemolysis, were injected into the spleen of recipient
mice as previously described (21, 22). A total of 3 x 107
splenocytes per recipient mouse were used. Hepatitis
was induced 1 hour after the cell transfer by intra-
venous administration of Con-A.

Northern blot. Total RNA was extracted from liver
using the phenol/chloroform-sarcosyl extraction/LiCl
precipitation method. Purified RNA, 10 ug per sample,
was separated by electrophoresis on a 1.5% denaturing
agarose gel. The fractionated RINA was then transferred
onto a Hybond N* membrane (Amersham Pharmacia
Biotech, Piscataway, New Jersey, USA), and blotted with
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tions from TRAIL** and TRAIL”~ mice, respectively, 24 hours after 300+ —TRAIL 3004
Con-A injection. The arrowhead indicates an aggregate of apoptot- E COITRAIL- £ . TRAIL*
ic cells in the TRAIL"/* liver section (apoptotic nuclei are shown in E % EITRAIL™
brown). Original magnification, X200. (g) Numbers of apoptotic % 2001 & 2004
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mice 24 hours after Con-A injection. The difference between the two E 100 g 100
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cally significant (P < 0.01). Results shown are from one representa- 24 24 0 6 12 24
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Figure 2

Serum transaminase and liver fibrosis in Con-A-induced hepatitis. (a-d) Normal (TRAIL"/*) and TRAIL-deficient (TRAIL”") BALB/c mice,
five per group, were injected once with Con-A (0-25 mg/kg of body weight) as described in Methods. Serum transaminase levels were deter-
mined 8 and 24 hours after the Con-A injection. The ALT and AST levels are presented in Sigma-Frankel units. The differences between the
two groups are statistically significant as determined by ANOVA (P < 0.001). (e-g) TRAIL/- and TRAIL** mice, three per group, were inject-
ed with a low dose of Con-A (8 mg/kg of body weight) in PBS once a week for 6 consecutive weeks (25). Control mice received only PBS
injections. One week after the last injection, mice were sacrificed and serum transaminase activities determined (e and f). The degree of fibro-
sis was determined by measurement of the amount of collagen per milligram of total liver proteins as previously described (24). The differ-
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ences between the two groups after Con-A injections are statistically significant (P < 0.05) for AST and ALT, but not for collagen.
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32P-labeled full-length mouse TRAIL, DRS, or GAPDH
cDNA probe using the Amersham Pharmacia Biotech
Rediprime kit.

Listeria infection. Virulent Listeria monocytogenes were
grown in Brain Heart Infusion (Becton Dickinson,
Franklin Lakes, New Jersey, USA). Log-phase growing
cultures were washed twice with PBS, aliquoted, and
stored at -70° C until use. Mice were injected via the tail
vein with various CFUs of the bacteria in 200 ul PBS.
Livers were collected at different time points after L.
monocytogenes injection, and tissue homogenates were
prepared. The CFUs of the inoculum and the organ
homogenates were determined by plating of the sam-
ples of various dilutions on agar plates, and by count-
ing of the numbers of colonies 24 hours later.

Results

TRAIL-deficient mice are resistant to Con-A—induced hepati-
tis. To examine the potential roles of TRAIL in Con-
A-induced hepatitis, TRAIL"/* and TRAIL”- mice were
first injected intravenously with a high dose of Con-A,
and hepatitis was evaluated by anatomical and histo-
logical examinations of the liver as well as blood
transaminase assay. As shown in Figure 1, TRAIL"/*
mice developed severe hepatitis following Con-A injec-
tion, which was characterized by widespread lesions,
inflammatory infiltrates, and hepatocyte death.
Remarkably, no gross lesions were observed in mice
that carried a germ-line TRAIL gene mutation.
Although inflammatory infiltrates were also observed
in TRAIL”/- mice, the number of apoptotic cells was
markedly reduced in these animals as compared with

TRAIL"* mice (Figure 1, e and g). This coincided with
a significant reduction of active caspase-3 in TRAIL"~
liver (Figure 1h). Similarly, serum transaminase assay
revealed significantly higher levels of ALT and AST in
TRAIL"* mice than in TRAIL7- mice (Figure 2).

It was recently reported that activated stellate cells
expressed DRS5 and underwent TRAIL-mediated apop-
tosis (23). Because stellate cells play important roles in
liver fibrosis, it was suggested that TRAIL might regu-
late fibrosis by inducing apoptosis of stellate cells (23).
To test this possibility, we also injected mice multiple
times with a low dose of Con-A. Liver fibrosis was
assessed by both collagen assay and histochemistry (24,
25). Interestingly, as shown in Figure 2, TRAIL defi-
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Figure 3

TRAIL blockade protects mice from Con-A-induced hepatitis.
TRAIL"* BALB/c mice, five per group, were injected intraperitoneally
with either soluble DR5 (sDRS5) or control protein BSA (300
ug/mouse). One hour later, mice were challenged with Con-A (25
mg/kg of body weight), and serum ALT activities were assessed 8 and
24 hours after the challenge. Data presented are means and SEM of
all mice. Results shown are from one representative experiment of
two. The differences between the two groups are statistically signifi-

cant as determined by ANOVA (P < 0.01).
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Figure 4

TRAIL and TRAIL receptor gene expressions in Con-A-induced hep-
atitis. Mice were treated as described in the legend to Figure 1, per-
fused, and sacrificed at indicated hours after Con-A injection. DRS,
TRAIL, and GAPDH gene expressions were determined by Northern
blot as described in Methods. Numbers under each lane represent
fold changes over signals obtained at 0 hours.

ciency did not appear to significantly affect the degree
of fibrosis. Similar results were obtained from histo-
chemical analysis of liver sections following repeated
injections of Con-A. However, since hepatitis was less
severe in TRAIL-- than in TRAIL"* mice, it is plausible
that TRAIL might have inhibited fibrosis in this model.
More studies are needed to clarify this issue.

To ensure that the resistance to Con-A-induced
hepatitis of TRAIL/~ mice is not due to other abnor-
malities in these animals, we also tested Con-
A-induced hepatitis in TRAIL"* mice treated with a
blocking soluble TRAIL receptor. Again, normal
TRAIL"/* mice developed severe hepatitis as judged by
transaminase assay (Figure 3) and anatomical and his-
tological examinations (not shown). Hepatitis was sig-
nificantly ameliorated following a single injection of
soluble DRS (Figure 3). Taken together, these results
indicate that TRAIL plays a critical role in the devel-
opment of Con-A-induced hepatitis.

TRAIL, but not TRAIL receptor, mRINA is increased in the
liver during bepatitis. Both TRAIL and TRAIL receptors
are constitutively expressed in the liver (3, 6). To deter-
mine whether their expressions were affected by hep-
atitis, we performed Northern blot analysis of liver at
different time points after Con-A injection. Both
TRAIL and DR5 mRNA could be detected in the liver
of untreated animals (Figure 4). However, the level of
TRAIL expression, but not that of DRS, was signifi-
cantly increased in Con-A-treated animals. The DRS
mRNA level remained the same throughout the
course of this study (Figure 4). This result was also
confirmed by PCR analysis using primers specific for
murine TRAIL and DRS.

TRAIL expression by MNCs is sufficient to restore Con-A—
induced bepatitis in TRAIL-deficient mice. Lymphoid and
myeloid cells of the immune system are initiators and
effectors of Con-A-induced hepatitis (21, 22). Deplet-
ing these cells blocks Con-A-induced hepatitis (21,
22). To investigate whether TRAIL expression by these
cells is essential for their pathogenicity in the liver, we
performed adoptive cell transfer experiments using

purified MNCs from liver and spleen. As shown in
Figure S, when transferred into TRAIL7/- mice,
TRAIL*/*, but not TRAIL /-, MNCs restored the sensi-
tivity of recipient animals to Con-A-induced hepati-
tis. Both hepatic and splenic TRAIL"* MNCs were
effective in restoring hepatitis in TRAIL/~ animals.
These results indicate that TRAIL expression by cells
of the immune system is required for the development
of Con-A-induced hepatitis.

TRAIL-deficient mice are resistant to Listeria-induced hepa-
titis. To determine whether the TRAIL effect described
above can be generalized to other models of hepatic
injury, we also examined the roles of TRAIL in Listeria-
induced hepatitis. As shown in Figure 6, Listeria infec-
tion induced severe inflammation and tissue injury in
the liver of TRAIL"/* mice as judged by histochemistry
and serum aminotransferase assay. By contrast, hepa-
titis was dramatically reduced in TRAIL”/- mice. Larger
numbers of apoptotic cells were detected 1 day after Lis-
teria infection (Figure 6) in TRAIL"* but not TRAIL”/~
mice, which may explain the more severe hepatic injury
observed in the former group. Importantly, the num-
bers of bacteria recovered from different groups at this
time point were similar (Figure 7a), although this
changed significantly during the late stages of the
infection. These results suggest that the differences in
hepatocyte apoptosis between TRAIL*/* and TRAIL/~
livers at day 1 might not be related to bacteria numbers
but were most likely due to the direct involvement of
TRAIL in hepatocyte apoptosis.

As expected, TRAIL /- mice survived much better than
TRAIL"* mice following infection with lethal doses of
Listeria (Figure 7b). However, this may not be due only
to differences in hepatitis, since the numbers of Listeria
recovered from different groups were also significantly
different at late stages of bacteria infection (Figure 7a).
Taken together, these results strongly indicate that
TRAIL plays crucial roles in Listeria-induced hepatitis.
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TRAIL expression by cells of the immune system is required for the
development of Con-A-induced hepatitis. TRAIL*/* or TRAIL7- liver
MNCs (2 x 107 cells per mouse) and splenocytes (3 x 107 cells per
mouse) were transferred into TRAILY~ mice intrahepatically and
intrasplenically, respectively. One hour later, mice were injected with
Con-A (25 mg/kg of body weight), and serum activities of ALT were
assessed 12 hours after the challenge. Data presented are means and
SEM of each group (n = 5). Results shown are from one representa-
tive experiment of two. The differences between the two groups are
statistically significant as determined by ANOVA (P < 0.01).
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Figure 6

TRAIL7- mice are resistant to Listeria-induced hepatitis. Groups of TRAIL** and TRAIL”- BALB/c mice, five per group, were injected intra-
venously with 1 x 104 CFUs per mouse of L. monocytogenes. Mice were sacrificed at different times, and their livers were collected and embed-
ded in paraffin. Tissue sections were then prepared and stained by TUNEL as described in Methods. (a) TUNEL staining of liver sections. (b)
Quantitative analysis of cell death in the liver. Data presented are means and SEM of each group (n = 5). (c and d) Levels of serum transami-
nases were determined as described in Methods. Results shown are from one representative experiment of four. The differences between the

two groups after Listeria infections are statistically significant as determined by ANOVA (P < 0.05).

Discussion

TRAIL holds tremendous promise for cancer therapy
because of its ability to selectively induce apoptosis of
tumor cells but not most normal cells. However, recent
studies using cultured normal cells have cast doubt
about this theory. Thus, unlike most normal cells,
human hepatocytes, thymocytes, and neural cells
appear to be sensitive to TRAIL-induced apoptosis (17,
26, 27). Results reported here suggest that, in vivo,

cent of reports that TNF and FasL play essential roles
in models of hepatitis (1, 2, 25). Because blocking any
one of these death ligands significantly ameliorates
hepatitis, they likely play nonredundant roles, and
deficiency in one may not be fully compensated for by
the others. In the course of our studies, we also exam-
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Figure 7

L. monocytogenes counts in the liver and mouse survival rates. (a) Two
groups of BALB/c mice (n = 5) were treated as described in the legend to
Figure 6 and sacrificed 1, 3, and 7 days after Listeria infection. The total
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Days after infection

—o-TRAIL**
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independent experiments. The difference between the two groups is sta- ] 2 4 6 8 10
tistically significant as determined by Mann-Whitney test (P < 0.01). Days after infection
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ined the TNF levels in the blood of mice treated with
Con-A. We found that TNF was not detectable in the
serum of normal BALB/c mice. However, 8-24 hours
after a single injection of Con-A (25 mg/kg of body
weight), significant levels of TNF-o (25-50 pg/ml)
were detected in the serum. Using a similar approach,
Ksontini et al. established that TNF-o was directly
involved in mediating hepatocyte apoptosis in this
model (1). Thus, death of hepatocytes in Con-A-
induced hepatitis is likely mediated by multiple
molecular pathways.

It is to be emphasized that experiments described
here test directly the roles of endogenous TRAIL (most
likely membrane-bound TRAIL) in hepatic cell death in
vivo. This is different from other studies in which exoge-
nous TRAIL was administered into animals. Since
TRAIL deficiency in our system is global, i.e., it affects
all organ systems in mice, it raises the question whether
the effects observed on hepatic cell death are due to a
direct effect of TRAIL on hepatocytes or an indirect
effect of TRAIL on other cells or systems. In the Listeria
model, dramatic differences in apoptosis were observed
on day 1 when the numbers of bacteria in different ani-
mals were the same (Figure 7b). This may rule out the
possibility that bacteria are directly responsible for the
observed differences in apoptosis. Since no other
immunological parameters were different between
TRAIL"* and TRAIL”- mice at this time point, it is rea-
sonable to conclude that TRAIL is responsible for the
difference in hepatic cell death. In the Con-A-induced
hepatitis model, differences in apoptosis were observed
early and were not associated with other immunologi-
cal alterations in TRAIL~~ mice. Furthermore, as shown
in the adoptive cell transfer experiment (Figure 5),
TRAIL expression by MNCs alone is sufficient to
restore hepatic cell death in TRAIL”- animals. Taken
together, these results indicate that TRAIL expressed by
myeloid and lymphoid cells in the liver is directly
responsible for mediating hepatic cell death in hepati-
tis. This is consistent with recent reports that, unlike
soluble TRAIL, membrane TRAIL, when overexpressed
in the mouse liver following adenovirus-mediated
TRAIL gene transfer, may induce hepatic cell death (28,
29). TRAIL expression is significantly upregulated in
patients with hepatitis B virus infection, indicating that
TRAIL may indeed play a role in human hepatitis (30).

If TRAIL induces hepatocyte death in hepatitis, why
did soluble TRAIL not induce hepatic injury when
administered in vivo? It is tempting to speculate that
soluble TRAIL may not be able to engage the death
receptors in the same manner as membrane TRAIL and
may, as in the case of FasL, inhibit membrane
TRAIL-induced cell death. The type of TRAIL involved
in our model is most likely membrane-bound,
although the presence of soluble TRAIL cannot be
excluded in the inflamed liver. Additionally, most stud-
ies of hepatic cell toxicity of TRAIL were conducted in
vitro in the absence of inflammation. In contrast, the
experimental system used in this study consists of an

inflamed organ whose microenvironment is drastical-
ly different from that of normal tissues. Whether the
inflammatory condition in the hepatitis animals
affects TRAIL function needs now to be investigated.
In addition to inducing apoptosis of hepatocytes and
tumor cells, TRAIL may also induce apoptosis of other
cell types including stellate cells (23), thymocytes, and
neural cells (26, 27). Furthermore, it can induce cell
cycle arrest of mature T lymphocytes (19). The effects
of TRAIL on thymocytes and T cells may explain the
heightened autoimmune response in TRAIL-deficient
mice (27). Thus, the roles of TRAIL in nontransformed
tissues are likely complex, and more investigation is
needed before a comprehensive understanding of
TRAIL function in vivo can be established. In the mean-
time, the safety and potential side effects of TRAIL-
based cancer therapy in humans remain unresolved.
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