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Hyperimmune response via Fas/Fas-ligand and per-
forin/granzyme pathways may be essential in pathogen-
esis of virus-induced fulminant hepatitis. CrmA inhibits
activation of caspases and granzyme B, suggesting it
may block these pathways. We investigated whether
CrmA expression would inhibit Fas-associated lethal hep-
atitis in mice. We successfully generated AXCALNLCrmaA,
a recombinant adenovirus expressing CrmA gene with a
Cre-mediated switching cassette. We increased CrmA ex-
pression level in the liver transfected with AXCALNLCrmA
(10° pfu) by increasing administration dose (10°-10° pfu)
of AXCANCre, a recombinant, adenovirus-expressing
Cre gene. Injection of anti-Fas antibody into the control
mice rapidly led to animal death due to massive liver
apoptosis, while the apoptosis was dramatically reduced
in the CrmA-expressed mice. The animal survival in-
creased with an increase of CrmA expression. The for-
mation of active caspase-3 was markedly inhibited in the
crmA-transfected hepatocytes in vitro. These results
suggest that crmA is an effective gene that can inhibit
immune-related liver apoptosis. © 2000 Academic Press
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Cells infected with viruses can be targeted for de-
struction by immune-competent cells (1). In hepatitis B
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nal; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling; ALT, alanine aminotransferase; AST, asparate
aminotransferase.

! To whom correspondence should be addressed at Department of
Experimental Surgery and Bioengineering, National Children’s
Medical Research Center, 3-35-31, Taishido, Setagaya-ku, Tokyo
154-8509 Japan. Fax: +81-3-3411-7309. E-mail: ssuzuki@nch.go.jp.

101

virus (HBV) transgenic mice, both FasL- and perforin/
granzyme-dependent signal pathways were activated
by cytotoxic T cells to induce hepatocyte death in vivo
(2). In clinical liver transplantation to patients infected
with HBV, reinfection of the virus may lead rapidly to
graft failure (3, 4). However, HBV recurrence after
transplantation was much lower in patients with ful-
minant B hepatitis than in those with viral B cirrhosis,
which is related to the presence of viral replication
prior to transplantation (5). It is suggested that a hy-
perimmune response is essential in the pathogenesis of
HBV-induced fulminant liver failure (1, 2).

Therefore, an ideal strategy for treating fulminant
hepatitis would be to protect the hepatocytes against
severe attack by the host's immune system by trans-
fecting anti-apoptotic genes. Previous studies have
shown that the cytokine response modifier A (CrmA)
protein, a member of the serine proteinase inhibitors
(serpin), encoded by the gene of the cowpox virus, in-
terferes with the host’s antiviral immune responses (6).
CrmA inhibits the proteolytic activity of the IL-1p3-
converting enzyme (ICE; caspase-1), a cysteine pro-
teinase, as well as granzyme B, a serine proteinase (7).
In this study, we transfected in vivo a recombinant
adenovirus vector expressing the crmA gene into
mouse livers in order to investigate its protective effect
on immune-mediated fulminant hepatitis.

Researchers have reported that activation of Fas and
FasL systems in the liver may play an essential role in
the development of fulminant hepatitis caused by virus
infection or endotoxin (8—10). The administration of
the agonistic anti-Fas antibody to mice rapidly induces
severe damage to the liver by massive apoptosis, indi-
cating that this animal model would be a good system
for investigating human fulminant hepatitis (9, 11).
Also, cell apoptosis induced by the binding of the FasL
or anti-Fas antibody to Fas involves an activation of
caspase 1 (12, 13). Therefore, we administered the anti-
Fas antibody to mice with crmA gene-transfected livers
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FIG. 1. Schematic illustration for the constructs of expression
vector. (A) Structure of E1/E3-deleted recombinant adenovirus vec-
tor, AXCALNLCrmA. (B) Activation process of the CrmA gene in the
CALNLCrmA unit by Cre recombinase. CAG, the CAG promoter;
Neo, neomycin-resistant gene; pA, polyadenylation signal; T7, T7-
tag; CrmA, cytokine response modifier A; loxP, loxP sequence. Ar-
rows show the orientation of the mRNA transcription. A triangle
under the adenovirus genome represents the deletion of an adenovi-
ral sequence.

to study whether the gene expression could save the
animal’s life from fatal hepatitis.

MATERIALS AND METHODS

Generation of recombinant adenovirus-expressing crmA and cre genes.
We constructed a recombinant adenovirus vector, AXCALNLCrmaA,
which carries a Cre-loxP on/off-switching unit (Fig. 1A), based on the
COS-TPC method described in previous studies (14, 15). In brief, we
constructed a cosmid-containing, Cre-mediated, switching expres-
sion cassette, pAXCALNLCrmA, by the following method. We in-
serted a Xhol fragment from pH38T7CrmA (16), which included
C-terminal T7-tagged crmA, into the Swal site of a cosmid vector
pAXLNLw (17). The crmA was a cowpox virus white-pock variant
(CPV-W2) (Accession No. m14217), and we prepared the T7-tag from
pET21b (Novagen, Madison, WI). As a preliminary, we checked that
the T7-tag did not inhibit the function of the CrmA.

We co-cultured 293 cells with the pAXCALNLCrmA and an ade-
novirus DNA-terminal protein complex digested at several sites
with EcoT22l. Thus, we generated a recombinant AXCALNLCrmA
through a homologous recombination in the 293 cells and purified
them by double-cesium, step-gradient ultra-centrifugation. We
checked the purified AXCALNLCrmA for the deletion of the E1A
region, both by restricted digestion of the viral DNA and by PCR
amplification, using primers specific for E1A (18). We have described
previously the recombinant adenovirus expressing a modified Cre
gene, AXCANCre (17, 19).

Administration of adenovirus vectors and anti-Fas antibody into
mice. For this study, we purchased male Balb/c mice between the
ages of 8 and 12 weeks from the Shizuoka Laboratory Animal Center
(Shizuoka, Japan). We transfected the mice with adenoviral vectors,
according to each experimental protocol. Three days after transfec-
tion, we injected vein a purified hamster monoclonal antibody, ago-
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nistic anti-Fas antibody (Jo2, PharMingen, San Diego, CA), via the
tail at a dose of 10 ug/mouse.

Hepatocyte isolation and culture. We isolated mouse hepatocytes
using a modification of the method described by Soda et al. (20). We
anesthetized the mice with ether, and exposed the portal vein with a
ventral midline abdominal incision. Into this vein we inserted a
fluid-filled 24-gauge catheter (3/4 inches). We slowly introduced into
the catheter 20 ml of 37°C perfusion buffer, containing 137 mM
NaCl, 4.69 mM KCl, 1.17 mM NaH,PO,, 0.65 mM MgSO, - 7H,0, 1.0
mM EGTA, 10 mM HEPES, pH 7.2. This was followed by 10 ml of an
enzyme solution (0.5 mg/ml collagenase type I, 1 mg/ml, 66.7 mM
NaCl, 6.70 mM KClI, 4.76 mM CacCl, - 2H,0, 100 mM HEPES, pH
7.5), which then passed through the liver. We then excised the liver
immediately, diced it into small pieces, and placed these into 10 ml
of the collagenase solution that also contained 0.001% DNase I. The
digested tissue was then filtered through a sterile nylon mesh. We
centrifuged the cell suspension at 600g for 5 min. We then resus-
pended the hepatocyte pellets in Williams medium (10% FCS, 10 mM
HEPES, 1 ug/ml fungison, 10 °* mM insulin, 10 ® mM dexamethazon,
50 ng/ml EGF, 100 U/ml penicillin, and 100 png/ml streptomycin, pH
7.1) and cultured them. Cell viability was determined by trypan blue
dye-exclusion, and over 90% of the cells were viable.

We cultured the hepatocytes from the mice that had been cotrans-
fected with AXCALNLCrmA [10° plaque-forming units (pfu)] and
AXCANCre (10° pfu) and those from the control mice in six-well
culture plates with or without anti-Fas antibody (1 wpg/ml) in the
presence of actinomycin D (0.5 png/ml). Twenty-four hours after cul-
ture, we observed the cell morphology by a phase-contrast micro-
scope (Olympus 1X70, Tokyo). To detect apoptosis, we collected hepa-
tocytes from each well, washed them with PBS and fixed them for 30
min in PBS containing 1% glutaraldehyde at room temperature.
After centrifugation, we resuspended the cells in 25 ul of 200 uM
Hoechst 33342 (Wako, Osaka). We then observed the nuclear mor-
phology with a fluorescence microscope (Olympus BX50).

In situ assay for DNA fragmentation. We used terminal deoxy-
nucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL)
method with an Apop Tag Plus Kit (Oncor, Gaithersburg, MD) to
detect DNA fragmentation. Cryosections (6 wm) were fixed in 10%
neutral buffered formalin in a coplin jar. These sections were
quenched in 0.5 to 1% hydrogen peroxide in PBS for five minutes at
room temperature and incubated at 37°C for one hour with deoxy-
nucleotidyl transferase (TdT) and dioxigenin-conjugated dUTP (9) in
38 wl of reaction buffer. We terminated the reaction with a pre-
warmed working strength stop/wash buffer for 30 min at 37°C. To
visualize the incorporated dUTP, we incubated the sections with a
peroxide-conjugated anti-digoxigenin antibody for 30 min at room
temperature, then washed them three times and incubated again
with a 3,3’-diaminobenzidine (DAB) substrate working solution for
three to six minutes at room temperature. This reaction was termi-
nated by washing with distilled water, and then the sections were
counterstained with hematoxylin and mounted for observation. The
negative controls were prepared by substituting PBS for the TdT
enzyme in the reaction mixture.

Immunohistology. For detecting CrmA expression, we harvested
liver samples three days after vector administration, snap-froze
them in liquid nitrogen, then stored them at —80°C until they were
sectioned on a cryostat. The sections (6 um) were air dried and fixed
in acetone at —20°C overnight, followed by air drying for one hour.
We treated them with a mouse monoclonal anti-T7-Tag antibody
conjugated alkaline phosphatase (Novagen), diluted to 1:50 in PBS
solution containing 2% bovine serum albumin and 0.1% sodium
azide. Color was developed with an Alk Phos detection reagent kit
(Novagen). Finally, we counterstained the sections with hematoxylin
(Sigma, St. Louis, MO). To obtain quantitative data on the amount of
positively staining present, we used an image analyzer (Fuji HC-
2000-equipped Olympus microscope (BH-2) interfaced with Mac-
SCOPE version 2.3.3, Fujifilm, Tokyo, Japan), and calculated the
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FIG. 2. Gene expression of a mouse liver transfected in vivo with CrmA. We intravenously injected recombinant adenovirus vectors,
AXCALNLCrmA (10° pfu) combined with AXCANCre (10"-10° pfu), into Balb/c mice and performed immune staining with anti-T7-tag
antibody on their liver sections three days after gene transfection. Since the switching-on structure of AXCALNLCrmA expresses a fusion
protein of CrmA and T7-tag, we can detect the CrmA-expressing cells as T7-tag-positive cells. The CrmA expression level increased with an
increase of the AXCANCre dose (10"-10° pfu). We observed approximately 80% of the T7-tag positive cells, calculated with an image analyzer,
in the sections by administering 10° pfu of AXCALNLCrmA combined with 10° pfu of AXCANCre. Original magnification: X100. The data are

representative of three separate experiments.

percentage of positive area to whole area in a randomly chosen
appropriate field.

For CD11b-staining, we prepared 6 wm of cryocut sections from the
crmA-transfected livers 24 h after administration of the anti-Fas
antibody. After one hour of incubation with rat monoclonal antibody
for CD11b (Ly-40, Serotec, Oxford, UK), diluted to 1:100 in a PBS
solution containing 2% bovine serum albumin and 0.1% sodium
azide, the secondary antibody, goat anti-rat 1gG conjugated alkaline
phosphatase (SC2021, Santa Cruz Biotechnology, Inc. Santa Cruz,
CA) diluted at 1:100 in the above working solution, was added and
incubated for another hour. We developed the color with the Alk
Phos detection reagent kit and counterstained with hematoxylin.

Western blotting analysis for detecting CrmA and caspase-3. We
prepared cell lysates and/or extracted protein of the tissues with a
100 wl 4% SDS sample buffer, and boiled 10 ul of the protein lysates
for 5 min. Protein concentration was determined with a DC protein
assay kit (Bio-RAD, Hercules, CA) using bovine serum albumin as a
standard. Proteins were separated by 10% SDS-PAGE then trans-
ferred to nitrocellulose filters. We blocked the filters with a TBST
buffer (10 mM Tris-HCI, pH 8.0, 0.15 M NaCl, 0.05% Tween 20)
containing 5% skimmed milk and incubated for one hour with a
mouse monoclonal anti-T7-Tag antibody (Novagen) or a rabbit anti-
caspase-3 antibody (PharMingen) at 1:500. We used horseradish
peroxidase (HRP) conjugated goat anti-mouse (PharMingen) or anti-
rabbit antibodies (Sigma) at 1:1000 as a second antibody. We washed
the filters in the TBST buffer four times for 10 min between each step
then detected the immune complexes by the ECL chemiluminescence
method (Amersham, Buckinghampshire, UK).

Assay for caspase activity. We determined activities of caspases
1, 3 and 8 with a colorimetric protease assay kit (MBL, Nagoya,
Japan) for ICE/caspase-1, CPP32/caspase-3, and FLICE/caspase-8.
We suspended the cell pellets in 50 ul of chilled cell lysis buffer and
incubated on ice for 10 min. After centrifugation at 10000g for 1 min,
supernatants were stored at —70°C. Proteolytic reaction was carried
out in reaction buffer, containing 50 ng of cytosolic protein extracts
and 20 nM acetyl-Try-Val-Ala-Asp-pNA (Ac-YVAD-pNA), acetyl-
lle-Glu-Thr-Asp-pNA (Ac-IETD-pNA), acetyl-Asp-Glu-Val-Asp-pNA
(Ac-DEVD-pNA). We incubated the reaction mixtures at 37°C for 4 h,

and measured the formation of p-nitroanilide at 405 nm using a
Wallac1420 ALBOsx microtiter plate reader (Amersham).

Transaminase levels in the serum and culture medium. The con-
centrations of alanine aminotransferase (ALT) and asparate amino-
transferase (AST) in the mouse serum and in the culture medium
were determined using a Vision kit (Abbott, Abbott Park, IL), ac-
cording to the manufacturer’s protocol.

Statistical analysis. We compared the survival times of the ex-
perimental animals among the groups by Gehan'’s generalized Wil-
coxon test. The significance of the differences in ALT and AST
concentrations was assessed among the different groups with Stu-
dent’s unpaired t test. We considered a probability of P < 0.05 to be
significant in all our studies.

Ethics. We conducted all our experimental protocols in accor-
dance with the policies of the Animal Ethics Committee of the Na-
tional Children’s Medical Research Center.

RESULTS

CrmA Expression in Mouse Livers Transfected
with the Gene Using the Cre-loxP System

As shown in Fig. 1A, the AXCALNLCrmA consisted
of a CAG promoter, a stuffer sequence, crmA, a T7-tag
gene, and a polyadenylation signal (polyA) sequence.
The stuffer sequence was made up of a neomycin-
resistant gene (neo) and another polyA sequence
flanked by a pair of loxP sites to prevent the expression
of the downstream crmA (crmA-off structure). After
transfection into animal livers, the AXCALNLCrmA
initially expressed the neo but not the crmA (Fig. 1B).
When a sufficient amount of functional Cre recombi-
nase was supplied to the switching unit by the trans-
fection of AXCANC e, the stuffer DNA was excised and
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FIG. 3. In vitro inhibitory effect of CrmA expression on anti-Fas antibody-induced hepatocyte apoptosis. (A) We incubated hepatocytes
that had been isolated from gene-transfected mice with agonistic anti-Fas antibody at 1 ug/ml in the presence of actinomycin D at 0.5 ug/ml
in six-well culture plates for 24 h. After incubation, phase-contrast microscopy (b; original magnification X100) revealed a large number of
cells in the control group had detached from the bottom of the culture well due to cell death, but this was not seen in the CrmA-expressed
hepatocytes. When the cells were stained with Hoechst 33342, we observed nuclear condensation and fragmentation in the control cells, but
not in the CrmA gene-transfected cells, by fluorescence microscopy (a; original magnification, X400). The data are representative of three
separate experiments. (B) The cell death in the control hepatocytes was also confirmed by a high level of ALT concentration in the control
cells treated with anti-Fas antibody and actinomycin D. We obtained a significant (P < 0.01) difference of ALT levels between the
CrmA-transfected cells and the control cells. There was no significance between the CrmA-expressed cells and the control hepatocytes when
these cells were treated with a medium, anti-Fas antibody alone, or with actinomycin D alone. The data show the mean += SD from six mice

in each group.

separately formed a circular DNA, resulting in the
conjunction of the CAG promoter with the crmA gene
via a single loxP site (14). The consequent structure, as
shown in Fig. 1C, was enabled to express the crmA
under the control of the CAG promoter (crmA-on struc-
ture). Using this system, we successfully generated in
vivo the CrmA protein in the mouse livers; that is, the
AXCALNLCrmA transfection expressed CrmA that
was dependent on the administration dose of the
AxXCANCTre. In addition, an advantage of using adeno-
virus vector was its high gene transduction efficacy
in the liver and its multiple infections of the hepato-
cytes (21).

We injected Balb/c mice intravenously with
AXCALNLCrmA in combination with AXCANCre. We
detected the expression level of the CrmA protein in
the gene-transfected hepatocytes by immune staining
with an anti-T7-tag antibody, because the switching-on
structure of AXCALNLCrmA expresses a fusion pro-
tein of the T7-tag and CrmA. As shown in Fig. 2, CrmA
expression was dependent on the administration doses
(107 to 10° pfu) of AXCANCre, under a constant dose
(10° pfu) of AXCALNLCrmA (Fig. 2). Approximately

80% of the hepatocytes were positively stained by
the administration of AXCALNLCrmA at 10° pfu and
AXCANCre (10° pfu).

In Vitro Inhibition of Anti-Fas Antibody-Induced
Apoptosis in crmA-Transfected Hepatocytes

We cultured isolated hepatocytes from the crmA-
transfected mice by co-transfection of AXCALNLCrmA
(10° pfu) and AXCANCre (10° pfu) with an agonistic
anti-Fas antibody at a concentration of 1 ug/ml in the
presence of actinomycin D (0.5 ug/ml). Phase-contrast
microscopy 24 h after incubation (Fig. 3A-b) showed
that a large number of cells in the control group were
detached from the bottom of culture well due to cell
death, but we did not see this condition in the CrmA-
expressed hepatocytes.

We then stained the cells with Hoechst 33342 and
observed them with fluorescence microscopy (Fig. 3A-
a). When we treated the control hepatocytes that had
no gene-transfection with the antibody and actinomy-
cin D, we could clearly see the apoptotic hepatocytes
with nuclear condensation and fragmentation. How-
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ever, the hepatocytes isolated from the crmA-
transfected mice demonstrated a marked reduction of
apoptotic cells when compared to the control hepato-
cytes. We also confirmed cell death in the control group
by a high level of transaminase in the cultured me-
dium, while its level was markedly lower in the me-
dium of CrmA-expressed hepatocytes (Fig. 3B).

In Vivo Inhibition of Anti-Fas Antibody-Induced
Lethal Hepatitis by CrmA Expression

Three days after the in vivo gene transfection into
the mice, we intravenously injected the anti-Fas anti-
body at 10 ng/mouse. We designed five groups based on
the administration dose of the viral vectors. We in-
jected AXCANCre at doses of 10°, 10%, and 107 pfu in
Groups 3, 4 and 5, in combination with 10° pfu of
AXCALNLCrmA. The controls were the group without
any gene-transfection (Group 1), to which we had ad-
ministered AXCALNLCrmaA alone at 10° pfu (Group 2).
We then examined the effect of the CrmA expression on
the animal survival rate from Fas-mediated hepatic
failure. When injected with the anti-Fas antibody, all
mice, except for one, in the control groups died within
24 h, but the expression of the crmA gene dramatically
improved the survival rate (Fig. 4A). The number of
survivors after antibody treatment increased markedly
in proportion to the expression levels of CrmA, and
no animal died after administration of 10° pfu of
AXCANCre combined with AXCALNLCrmA (10° pfu).
In addition, the serum levels of transaminase decreased
with increased levels of crmA expression (Fig. 4B).

The TUNEL and hematoxylin and eosin (HE) stain-
ings (Fig. 5) revealed that fulminant hepatic failure
with massive hepatocyte apoptosis was induced by
treatment with the anti-Fas antibody in the group
injected with AXCALNLCrmA alone [CrmA (—)]. In
contrast, apoptosis was dramatically reduced in the
group expressing CrmA [CrmA (+)].

As shown in Fig. 6, we saw a marked infiltration of
CD11b-positive cells in the crmA-non-expressed livers
24 h after anti-Fas antibody treatment (b), while these
cells were decreased remarkably in the livers ex-
pressed crmA gene (c).

Decreased Activity of Caspase-3 by CrmA
Gene Expression

We transfected hepatocytes isolated from normal
murine livers with AXCALNLCrmA, with or without
AxXCANCre, at a multiplicity of infection (MOI) from
0.01 to 1.0 and incubated them for 24 h. An anti-Fas
antibody (1 pg/ml) and actinomycin D (0.5 wg/ml) were
then added to the culture medium. Western blotting
(Fig. 7A) demonstrated that the active form (17 kD) of
caspases-3 appeared in the control hepatocytes with a
transfection of AXCALNLCrmA alone, while this form
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FIG. 4. Survival rate of CrmA gene-transfected mice and serum
level of transaminase after administration of anti-Fas antibody. (A)
We transfected the mice with 10° pfu of AXCALNLCrmA in combi-
nation with different doses (107, 10°, and 10° pfu) of AXCANCre.
Three days after gene transfection, we injected an agonistic anti-Fas
antibody at a dose of 10 wg/mouse via the tail vein. The animal
survival rate increased with an increase of the CrmA expression
level. Groups 1 and 2 were the controls without gene transfection and
with 10° pfu of AXCANCTre alone. Groups 3, 4, and 5 were transfected
with 10°, 10°, and 107 pfu of AXCANCre and a constant dose (10° pfu)
of AXCALNLCrmA. Gehan's generalized Wilcoxon test: P < 0.01,
Group 1 versus Group 3, 4 or 5; NS, Group 1 versus Group 2. (B)
Twenty-four hours after introduction of the anti-Fas antibody, we
detected ALT and AST levels in the sera from the gene-transfected
mice. The levels decreased, depending on the dose (10’-10° pfu) of
AXCANCre, under a constant dose (10° pfu) of AXCALNLCrmA.
Group 1 and Group 2 were transfected without any gene and with
AXCALNLCrmA-alone at 10° pfu. Groups 3, 4, and 5 were adminis-
tered 10°, 10° and 10" pfu of AXCANCre under a constant dose (10°
pfu) of AXCALNLCrmA. The data shows the mean = SD from six
mice in each group. Unpaired Student's t test: P < 0.01 in ALT level,
Group 1 versus Groups 3 and 4; P < 0.05 in AST level, Group 1
versus Groups 3 and 4; NS in ALT and AST levels, Group 1 versus
Groups 2 and 5.

was completely absent in the cells co-transfected with
both AXCALNLCrmA and AXCANCre at an MOI of 1.0
in each. We also observed an MOI-dependent increase
of CrmA expression.

Inhibitory Effect of CrmA on Activation
of Caspases 3 and 8

The activity of caspase-3 and caspase-8 was in-
creased in the hepatocytes by the treatment of anti-Fas
antibody, but caspase-1 was not (Fig. 7B). When we
expressed CrmA with co-transfection of AXCALNLCrmA
and AXCANCre at a multiplicity of infection (MOI)
from 0.01 to 1.0, we observe an MOI-dependent inhibi-
tion in the activation of caspases 3 and 8 (Fig. 7B). The
result showed that the caspases 3 and 8 played an
important role in the anti-Fas antibody-induced apop-
tosis and CrmA protected the apoptotic cell death via
an inhibition of a caspase activation.

DISCUSSION

To explore the participation of CrmA expression us-
ing the AXCALNLCrmA with a Cre-mediated switch-
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FIG. 5. Histological findings in the CrmA gene-transfected liver after administration of an anti-Fas antibody. Twenty-four hours after
injection of the anti-Fas antibody, we observed a number of TUNEL-positive cells in the CrmA-negative liver (c and d), but no TUNEL-
positive cells in the CrmA-expressed hepatocytes (a and b). HE staining revealed a number of hepatocyte deaths, accompanied by massive
hemorrhage, in the CrmA-negative liver (g and h), while we did not see these results in the CrmA-positive liver (e and f). We administered
10° pfu of AXCALNLCrmA combined with 10° pfu of AXCANCre in the CrmA(+) group, but only AXCANCre (10° pfu) was injected in the
CrmA(—) group. The arrows indicate apoptotic cells. (b, d, f, and h) Enlargements of the boxed areas in a, c, e, and g. Original magnification:
a, ¢, e, and g, X40; b, d, f, and h, X400. The data are representative of three separate experiments.

ing system, we then attempted to induce fulminant
hepatitis by administering the agonistic anti-Fas anti-
body intravenously into the mice transfected with or
without the crmA gene. Injection of the antibody into
the control mice resulted in rapid animal death by
inducing massive hepatocyte apoptosis, while the sur-
vival rate increased in the AXCALNLCrmA (10° pfu)-
transfected mice with the increase of the doses we
administered (10” to 10° pfu) of AXCANCre. When we
administered 10° pfu of AXCANCTre, at which point the
expression rate was approximately 80% of the whole

hepatocytes, no animal death was induced with the
anti-Fas antibody. In addition, a number of CD11b-
positive cells infiltrated the control liver after treat-
ment with the anti-Fas antibody, while these cells were
markedly decreased in the antibody-treated livers that
had been expressed the crmA gene. Since CD11b is a
maker of granulocytes, we believe the infiltrated cells
play a role in eliminating apoptotic hepatocytes. We
also demonstrated that the hepatocytes isolated from
the CrmA-expressed mice that were treated in vitro
with the anti-Fas antibody, in the presence of actino-

FIG. 6.
tration of the anti-Fas antibody, we observed the infiltration of a large number of CD11b cells in the control liver transfected with 10° pfu
of AXCANCTre alone (b). However, the cell infiltration was markedly reduced in the group treated with 10° pfu of AXCALNLCrmA and 10°
pfu of AXCANC e (c). We saw no cell infiltration in the anti-Fas antibody-administered group pretreated with 10° pfu of AXCALNLCrmA and
10° pfu of AXCANC e (a). Original magnification: X100. The data are representative of three separate experiments.

Infiltration of CD11b-positive cells in the liver after administration of the anti-Fas antibody. Twenty-four hours after adminis-
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FIG. 7. Effect of CrmA on caspases 3 and 8 in the hepatocytes treated with anti-Fas antibody. Hepatocytes were cotransfected in vitro
with AXCALNLCrmA and AXCANCre at an MOI of 0.01 to 1.0. (A) We detected the expression of CrmA and the active form of caspase-3 by
Western blotting. We obtained an MOI-dependent increase of the CrmA protein and a decrease of the active-form (17 kD) of caspase-3. (B)
The colorimetric protease assay demonstrated an MOI-dependent decrease in the activities of caspase 3, and caspase 8 by the treatment of
anti-Fas antibody, whereas we did not see any remarkable change in caspase-1 activity. A, the control hepatocytes with neither gene
transfection nor anti-Fas antibody treatment; B, the hepatocytes transfected with AXCALNLCrmA alone at an MOI of 1.0; C, those with
AXCALNLCrmA and AXCANCre at an MOI of 0.01 in each; D, with AXCALNLCrmA and AXCANCre at an MOI of 0.1; E, with AXCALN-
LCrmA and AXCANCre at an MOI of 1.0. The data are representative of three separate experiments.

mycin D, had much less apoptotic cell death than the
hepatocytes that were not gene-transfected. Actinomy-
cin D is needed for in vitro induction of Fas-mediated
apoptosis in some cells to inhibit de novo protein syn-
thesis by inhibiting mRNA transcription (22). Taken
together, our results indicated that crmA is an effective
gene that strongly inhibits massive hepatocyte apoptosis.

On the other hand, Bcl-2, an anti-apoptotic protein
located in mitochondria, has been shown to inhibit
Fas-mediated apoptosis (11). Recent study proved that
this effect differed in cell types, some of which were not
inhibited (23). Activation of caspase cascade plays a
critical role in the Fas-mediated apoptosis. Caspase-8,
one of the initiator caspases, is well known to acti-
vate directly or indirectly effector caspases includ-
ing caspases 3 and 7. In the indirect pathway, the
caspase-8 acts on mitochondrial membrane to release
cytochrome c, which subsequently activates caspase-9
and then effector caspases (24). The members of Bcl-2
family, such as Bcl-2 and Bcl-XL, block the release of
mitochondrial cytochrome c, although they do not block
the activation of caspase 8. Thus, the Bcl-2 may not
completely inhibit Fas-associated apoptosis.

The crmA gene encodes a 38 kD protein whose amino
acid sequence is similar to those of members of the
serpin superfamily (25). Initially, the CrmA protein
was demonstrated to decrease the inflammatory re-
sponse to viral infection by inhibiting caspase 1 (26,

27). The protein also inhibits caspase-8, and so inhibits
downstream caspases (28). In this study, crmA trans-
fection in the isolated hepatocytes inhibited the forma-
tion of an active structure (17 kD) of caspase-3 from its
pro-form (32 kD). Activated caspase-3 is one of the key
proteins that directly induce the activation of the DNA
fragmentation factor (29). The colorimetric protease
assay also demonstrated that the treatment of anti-Fas
antibody activated caspase-3 and caspase-8 in the con-
trol hepatocytes, while the CrmA-expression markedly
inhibited their activation. The inhibition of caspase-3
activation may not be induced by the direct effect of
CrmA, but by the inhibition of upstream caspases,
including caspases 1, 4, and 8 (30). Therefore, the anti-
apoptotic activity of CrmA was initially achieved by
the inhibition of caspase-8. This suggests that Fas-
mediated apoptosis was completely inhibited by ex-
pressing crmA gene, that is markedly different from
the anti-apoptotic action of Bcl-2. In addition, previous
studies showed that an activation of caspase-1 was
involved in Fas-mediated apoptosis (13, 31), although
we did not observe its activation in the anti-Fas
antibody-treated hepatocytes. This result is in agree-
ment with the experiences by other investigators
(32, 33).

From the clinical point of view, fulminant hepatitis
is an immoderate disease that causes acute and severe
impairment of liver function. HBV infection commonly
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induces the disease (34). The host's immune responses
target the HBV-infected hepatocytes for apoptotic cell
death (1, 35). Therefore, apoptosis is critical as a host
defense system for eliminating virus-infected cells, but
over-reaction of the immune system results in rapid
patient death due to massive hepatocyte apoptosis.

A large number of patients worldwide are chroni-
cally infected with HBV (36). Some of them are candi-
dates for liver transplantation. However, recurrence of
HBYV infection is a major problem in these patients
after transplantation and frequently induces aggres-
sive disease leading to liver failure (34, 37). In saving
the patient’s life during the aggressive phase of the
disease, there is a possibility we can control HBV in-
fection by using anti-virus drugs and/or antibodies spe-
cific for HBV (34, 38). In this study, we demonstrated a
potent protective effect of CrmA expression on the liver
damage induced by the anti-Fas antibody. CrmA also
inhibits the granzyme B produced by activated cyto-
toxic T cells. Therefore, expression of CrmA renders
the cells resistant to being killed by the T cells (6, 39).
These findings suggest that crmA gene-transfection
may be a potent therapeutic treatment for clinical
patients suffering from immune-mediated fulminant
hepatitis.

ACKNOWLEDGMENTS

This study was supported in part by grants from Minister of
Health and Welfare (9KO-2, Grant for Science Research), Minister of
Education (Grants 07457265, 09671271, and 10307030) and a Grant
for Organized Research Combination System from the Science and
Technology Agency in Japan. The authors gratefully acknowledge
Dr. H. Kimura for his critical comments and useful suggestions.
They also thank Y. Kitazawa for his expert technical assistance.

REFERENCES

1. Ploegh, H. L. (1998) Viral strategies on immune evasion. Science
280, 248-253.

2. Nakamoto, Y., Guidotti, L. G., Pasquetto, V., Schreiber, R. D.,
and Chisari, F. V. (1997) Differential target cell sensitivity to
CTL-activated death pathways in hepatitis B virus transgenic
mice. J. Immunol. 158, 5692-5697.

3. Todo, S., Demetris, A. J., Van Thiel, D., Teperman, L., Fung,
J. J.,and Starzl, T. E. (1991) Orthotopic liver transplantation for
patients with hepatitis B virus-related liver disease. Hepatology
13, 619-626.

4. O'Grady, J. G., Smith, H. M., Davies, S., Daniels, H. M., Donald-
son, P. T., Tan, K. C., Portman, B., et al. (1992) Hepatitis B virus
reinfection after liver transplantation: Serological and clinical
implications. J. Hepatol. 14, 104-111.

5. Samuel, D., Feray, C., and Bismuth, H. (1997) Hepatitis viruses
and liver transplantation. J. Gastroenterol. Hepatol. 12, S335-
S341.

6. Quan, L. T., Caputo, A., Bleackley, R. C., Pickup, D. J., and
Salvesen, G. S. (1995) Granzyme B is inhibited by the cowpox
virus serpin cytokine response modifier A. J. Biol. Chem. 270,
10377-10379.

7. Macen, J. L., Garner, R. S., Musy, P. Y., Brook, M. A., Turner,
P. C., Moyer, R. W., McFadden, G., et al. (1996) Differential

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24

108

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

inhibition of the Fas- and granule-mediated cytolysis pathway by
the orthopoxvirus cytokine response modifier A/SP1-2 and SPI-1
protein. Proc. Natl. Acad. Sci. USA 93, 9108-9113.

. Ando, K., Moriyama, T., Guidotti, L. G., Wirth, S., Schreiber,

R. D., Schlicht, H. J., Huang, S. N., et al. (1993) Mechanisms of
class I restricted immunopathology. A transgenic mouse model of
fulminant hepatitis. J. Exp. Med. 178, 1541-1554.

. Ogasawara, J., Watanabe-Fukunaga, R., Adachi, M., Matsu-

zawa, A., Kasuga, T., Kitamura, Y., Itoh, N, et al. (1993) Lethal
effect of the anti-Fas antibody in mice. Nature 364, 806—809.

Kondo, T., Suda, T., Fukuyama, H., Adachi, M., and Nagata, S.
(1997) Essential roles of the Fas ligand in the development of
hepatitis. Nat. Med. 4, 409-413.

Lacronique, V., Mignon, A., Fabre, M., Viollet, B., Rouquet, M.,
Molina, T., Porteu, A., et al. (1996) Bcl-2 protects from lethal
hepatic apoptosis induced by an anti-Fas antibody in mice. Nat.
Med. 2, 80-86.

Miwa, K., Asano, M., Horai, R., lwakura, Y., Nagata, S., and
Suda, T. (1998) Caspase 1-independent IL-B release and inflam-
mation induced by the apoptosis inducer Fas ligand. Nat. Med. 4,
1287-1292.

Enari, M., Hug, H., and Nagata, S. (1995) Involvement of an
ICE-like protease in Gas-mediated apoptosis. Nature 375, 78—
81.

Hashimoto, M., Aruga, J., Hosoya, Y., Kanegae, Y., Saito, I., and
Mikoshiba, K. (1996) A neural cell-type-specific expression sys-
tem using recombinant adenovirus vectors. Hum. Gene Ther. 7,
149-158.

Miyake, S., Makimura, M., Kanegae, Y., Harada, S., Sato, Y.,
Takamori, K., Tokuda, C., et al. (1996) Efficient generation of
recombinant adenoviruses using adenovirus DNA-terminal pro-
tein complex and a cosmid bearing the full-length virus genome.
Proc. Natl. Acad. Sci. USA 93, 1320-1324.

Miura, M., Friedlander, R. M., and Yuan, J. (1995) Tumor ne-
crosis factor-induced apoptosis is mediated by a CrmA-sensitive
cell death pathway. Proc. Natl. Acad. Sci. USA 92, 8318—-8322.
Kanegae, Y., Lee, G., Sato, Y., Tanaka, M., Nakai, M., Sakaki, T.,
Sugano, S., et al. (1995) Efficient gene activation in mammalian
cells by using recombinant adenovirus expression site-specific
Cre recombinase. Nucleic Acids Res. 23, 3816-3821.

Zhao, H., lvic, L., Otaki, M. O., Hashimoto, M., Mikoshiba, K.,
and Firestein, S. (1998) Functional expression of a mammalian
odorant receptor. Science 279, 237-242.

Okuyama, T., Fujino, M., Li, X.-K., Funeshima, N., Kosuga, M.,
Saito, l., Suzuki, S., et al. (1998) Difficient Fas-ligand gene
expression in rodent liver after intravenous injection of a recom-
binant adenovirus by the use of a Cre-mediated switching sys-
tem. Gene Ther. 5, 1047-1053.

Soda, R., and Tavassoli, M. (1984) Liver endothelium and not
hepatocytes or Kupffer cells have transferrin receptors. Blood
63, 270-276.

Vrancken Peeters, M. J., Perkins, A. L., and Kay, M. A. (1996)
Method for multiple portal vein infusions in mice: Quantitation
of adenovirus-mediated hepatic gene transfer. Biotechnique 20,
278-285.

Suzuki, A., Tsutomi, Y., Akahane, K., Araki, T., and Miura, M.
(1998) Resistance to Fas-mediated apoptosis: Activation of
Caspase 3 is regulated by cell cycle regulator p21*" and IAP
gene family ILP. Oncogene 17, 931-939.

Huang, D. C., Hahne, M., Schroeter, M., Frei, K., Fontana, A,
Villunger, A., Newton, K., Tschopp, J., and Strasser, A. (1999)
Activation of Fas by FasL induces apoptosis by a mechanism
that cannot be blocked by Bcl-2 or Bel-x(L). Proc. Natl. Acad. Sci.
USA 96, 14871-14876.

. Sun, X. M., MacFarlane, M., Zhuang, J., Wolf, B. B., Green,



Vol. 273, No. 1, 2000

25.

26.

27.

28.

29.

30.

31.

32.

33.

D. R., and Cohen, G. M. (1999) Distinct caspase cascades are
initiated in receptor-mediated and chemical-induced apoptosis.
J. Biol. Chem. 274, 5053-5060.

Pickup, D. J., Ink, B. S., Hu, W., Ray, C. A., and Joklik, W. K.
(1986) Hemorrhage in lesions caused by cowpox virus is induced
by a viral protein that is related to plasma protein inhibitors of
serine proteases. Proc. Natl. Acad. Sci. USA 83, 7698-7702.
Ray, C. A, Black, R. A., Kronheim, S. R., Greenstreet, T. A,
Sleath, P. R., Salvesen, G. S., and Pickup, D. J. (1992) Viral
inhibition of inflammation: Cowpox virus encodes an inhibitor of
the interleukin-1beta converting enzyme. Cell 69, 597—604.
Thornberry, N. A., Bull, H. G., Calaycay, J. R., Chapman, K. T.,
Howard, A. D., Kostura, M. J., Miller, D. K., et al. (1992) A novel
heterodimeric cysteine protease is required for interleukin-1
beta processing in monocytes. Nature 356, 768—-774.

Ekert, P. G., Silke, J., and Vaux, D. L. (1999) Inhibition of
apptosis and clonogenic survival of cells expressing crmA vari-
ants: Optimal caspase substrates are necessarily optimal inhib-
itors. EMBO J. 18, 330-338.

Liu, X., Zou, H., Slaughter, C., and Wang, X. (1997) DFF, a
heterodimeric protein that functions downstream of caspase-3 to
trigger DNA fragmentation during apoptosis. Cell 89, 175-184.
Cohen, G. M. Caspases: The executioner of apoptosis. (1997)
Biochem. J. 326, 1-16.

Enari, M., Talanian, R. V., Wong, W. W., and Nagata, S. (1996)
Sequential activation of ICE-like and CPP32-like proteases dur-
ing Fas-mediated apoptosis. Nature 380, 723-726.

Chow, S. C., Slee, E. A, MacFarlane, M., and Cohen, G. M.
(1999) Caspase-1 is not involved in CD95/Fas-induced apoptosis
in Jurkat T cells. Exp. Cell Res. 246, 491-500.

Jones, R. A., Johnson, V. L., Buck, N. R., Dobrota, M., Hinton,

34.

35.

36.

37.

38.

39.

109

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

R. H., Chow, S. C., and Kass, G. E. (1998) Fas-mediated apopto-
sis in mouse hepatocytes involves the processing and activation
of caspases. Hepatology 27, 1632—-1642.

Andreone, P., Caraceni, P., Grazi, G. L., Belli, L., Milandri, G. L.,
Ercolani, G., Jovine, E., et al. (1998) Lamivudine treatment for
acute hepatitis B after liver transplantation. J. Hepatology 29,
985-989.

Rehermann, B., Ferrari, C., Pasquinelli, C., and Chisari, F. V.
(1996) The hepatitis B virus persists for decades after patients’
recovery from acute viral hepatitis despite active maintenance of
a cytotoxic T-lymphocyte response. Nat. Med. 2, 1104-1108.

Block, T. M., Lu, X., Mehta, A. S., Blumberg, B. S., Tennant, B.,
Ebling, M., Korba, B., et al. (1998) Treatment of chronic hepad-
navirus infection in a woodchuck animal model with an inhibitor
of protein folding and trafficking. Nat. Med. 4, 610-614.
Rodriguez-Frias, F., Buti, M., Jardi, R., Vargas, V., Quer, J.,
Cotrina, M., Martell, M., et al. (1999) Genetic alteration in the S
gene of hepatitis B virus in patients with acute hepatitis B,
chronic hepatitis B and hepatitis B liver cirrhosis before and
after liver transplantation. Liver 19, 177-182.

de Man, R. A,, Bartholomeusz, A. I., Niesters, H. G. M., Zonder-
van, P. E., and Locarnini, S. A. (1998) The sequential occurrence
of viral mutations in a liver transplant recipient re-infected with
hepatitis B: Hepatitis B immune globulin escape, famciclovir
non-response, followed by lamivudine resistance resulting in
graft loss. J. Hepatol. 29, 669—675.

Sun, J., Bird, C. H., Sutton, V., McDonald, L., Coughlin, P. B.,
Jong, T. A. D., Trapani, J. A., et al. (1996) A cytosolic granzyme
B inhibitor related to the viral apoptotic regulator cytokine re-
sponse modifier A is present in cytotoxic lymphocytes. J. Biol.
Chem. 271, 27802—-27809.



	FIG. 1
	MATERIALS AND METHODS
	FIG. 2

	RESULTS
	FIG. 3
	FIG. 4

	DISCUSSION
	FIG. 5
	FIG. 6
	FIG. 7

	ACKNOWLEDGMENTS
	REFERENCES

