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The molecular mechanisms underlying the clinical effects of alpha interferon (IFN) and ribavirin are not
understood. Elimination of infected cells occurs in part by cytotoxic T lymphocytes (CTLs) expressing CD95
ligand and thereby attacking target cells which are positive for the death receptor CD95. Since many viruses
have evolved mechanisms to inhibit apoptosis, the opposite, namely, promotion of apoptosis, could be a
strategy to strengthen the host antiviral response. In the present study, we have asked whether the antiviral
substances IFN and ribavirin could support CD95-mediated apoptosis by interfering with the activation of
caspases, a family of proteases known for their essential role in apoptosis. HepG2 cells, stimulated with the
agonistic anti-CD95 antibody, served as a minimal model to mimic the CD95 stimulation ocurring during a
CTL attack of target cells in vivo. Apoptosis was quantitated by flow cytometric detection of hypodiploid nuclei.
Caspase activity was measured by cytofluorometry, immunocytochemistry, and immunoblot analysis. IFN and
ribavirin sensitized HepG2 cells for CD95-mediated apoptosis. This effect was correlated with an increase in
CD95-mediated caspase activation and enhanced cleavage of the caspase substrate poly(ADP-ribose) polymer-
ase. Furthermore, the positive effect on CD95-mediated caspase activation by IFN and ribavirin was confirmed
by immunocytochemistry for activated caspase-3 and by immunoblot detection of activated caspase-3,
caspase-7, and caspase-8. Our data demonstrate that the antiviral substances IFN and ribavirin are able to
sensitize for CD95-mediated apoptosis. IFN and ribavirin also enhance CD95-mediated caspase activation,
which might in part be responsible for the apoptosis-promoting effect of these antiviral compounds.

Hepatitis C virus is an RNA virus that causes predominantly
persistent infection with subsequent chronic liver disease. For
many years, alpha interferon (IFN) was the only approved
therapy for chronic hepatitis C. Nevertheless, sustained elim-
ination of the virus could be achieved in only 10 to 15% of
patients treated with IFN. Recently, combination therapy with
IFN and ribavirin was established as the new standard treat-
ment (7, 24, 29). The virus can be eliminated in nearly 40% of
patients treated with this regimen. However, the molecular
mechanisms underlying this clinical success are poorly under-
stood.

The guanosine analogue ribavirin (1-�-D-ribofuranosyl-
1,2,4-triazole-3-carboxamide) is transported into almost all cell
types of the body by sodium-dependent nucleoside transport-
ers (13). The exact molecular alterations induced by ribavirin
are unclear (27). There are some reports indicating that riba-
virin might also be able to modulate cytokine profiles and the
differentiation pattern of lymphocytes (26, 35).

IFN belongs to the group of acid-stable interferons that are
produced mainly by leukocytes and lymphoblasts. IFN binds to
its cell surface receptor, which consists of the two chains
IFN-R1 and IFN-R2. Following receptor occupation, the in-
tracellular signal chain via Janus kinases (JAK) and signal-
transducing and activating factors of transcription (STAT) (16)

is responsible for the expression of a set of proteins that me-
diate the biological actions of IFN. These can be direct effects
on infected or uninfected cells or indirect effects by interfering
with the regulation of the immune system (28). A prominent
example is the serine-threonine protein kinase PKR (38),
which leads to the inhibition of mRNA translation and a con-
comitant block in viral replication. In addition, cells overex-
pressing PKR undergo apoptosis (8, 34, 36) and are more
sensitive to apoptosis induced by viruses (1) or by tumor ne-
crosis factor (40). This suggests that promotion of apoptosis is
an alternative pathway by which IFN, in addition to its inhib-
itory effects on viral replication, counteracts the virus. In ad-
dition to direct effects on infected cells, antiviral drugs may act
indirectly by supporting the intrinsic host response to viral
infections. Cytotoxic T-lymphocyte (CTL) recognition of virus-
infected cells results in rapid apoptotic death of the target cells,
providing an important element of the intrinsic host antiviral
response. CTLs use two major mechanisms to induce apoptosis
in their target cells, the perforin-granzyme B system and the
CD95 pathway. The death receptor ligand CD95 ligand
(CD95L) is expressed on activated CTLs. Binding of CD95L to
the death receptor CD95 on target cells leads to the destruc-
tion of infected cells by activation of intracellular caspases.
Caspases, the central mediators of apoptosis, comprise a family
of at least 14 members in mammalian cells (5, 19). Once
activated, they evoke the morphological and biochemical as-
pects of apoptosis either by cleaving other caspases in a pro-
teolytic cascade or by degrading cellular target proteins. The
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initial event in apoptosis induced by ligation of the death re-
ceptor CD95 is thought to be procaspase-8 recruitment to
CD95 (33), which leads to activation of downstream caspases.
Alternatively, caspases can be activated via the so-called mito-
chondrial death pathway, which is activated by a variety of
stimuli including chemotherapeutic drugs (39) and irradiation
(2, 20). Interestingly, a variety of viruses have developed mech-
anisms to directly interfere with the caspase machinery of cells.
Examples are viral FLIPs (caspase-8/Flice inhibitory proteins
produced by herpesviruses) (15), CrmA (cytokine response
modifier A) produced by cowpox virus (37), and p35 as well as
IAPs (inhibitors of apoptosis), both produced by baculovirus
(3). In all these examples, the viral products are specific inhib-
itors of the proapoptotic caspases. Thus, expression of these
viral proteins has antiapoptotic effects on the host cell and
might prevent the killing of target cells otherwise induced by
either CD95 stimulation or internal signals. Current concepts
assume that tissue damage in chronic hepatitis C is caused
predominantly by the immune response, targeting infected
cells (4, 31), and not by the virus itself. Destruction of virally
infected cells is in part mediated by the major histocompati-
bility complex (MHC)-restricted action of CTLs with subse-
quent activation of caspases in the target cells. Antiapoptotic
effects have also been described for hepatitis C virus NS5A
(12) and core proteins (11, 23, 30). However, the mechanisms
of this effect remain controversial since other groups could not
confirm these data or came to opposite conclusions, namely,
that proapoptotic effects were occurring (9, 32, 41). Neverthe-
less, the present state of knowledge suggests that inhibition of
host cell apoptosis is a mechanism by which many viruses
create an environment favoring viral replication or persistence
(34). At present it is unknown whether IFN, ribavirin, or,
especially, the combination of the two substances has an im-
pact on apoptosis and the regulation of caspase activation. To
investigate this, we asked whether the clinically successful an-
tiviral substances IFN and ribavirin, in addition to specific
effects on viral replication, can modulate apoptosis induced by
stimulation of the death receptor CD95.

MATERIALS AND METHODS

Cell line. The human hepatoma cell line HepG2 was obtained from Deutsche
Sammlung von Mikroorganismen and Zellkulturen GmbH (Braunschweig, Ger-
many) (ACC 180) and maintained in Dulbecco modified Eagle medium supple-
mented with 10% heat-inactivated fetal calf serum 100 U of penicillin/ml, 0.1 mg
of streptomycin/ml, and 1% nonessential amino acids 100� (all from Gibco
BRL, Eggenstein, Germany). The cells were grown at 37°C in a 5% CO2 atmo-
sphere and maintained in log phase.

Stimulation of HepG2 cells. For determination of apoptosis and quantitative
caspase activation, 2 � 104 HepG2 cells per well were seeded in a 96-well
microtiter plate. For immunocytochemistry, 4 � 104 cells per well were seeded
onto an eight-well chamber slide (Nunc, Wiesbaden, Germany). For immunoblot
analysis, 3 � 105 cells per well were cultured in a 12-well microtiter plate.
Subsequently, cells were stimulated as indicated in figure legends. Control sam-
ples were prepared with the respective diluent control. Cells were stimulated for
4 h for assessment of caspase activation by fluorometry or immunoblot analysis
and for 12 h for flow cytometric determination of apoptosis.

Fluorometric measurement of caspase activity. Cytosolic cell extracts were
prepared by lysing cells in a buffer containing 1% NP-40, 200 mM NaCl, 20 mM
Tris-HCl (pH 7.4), 2 �g of aprotinin per ml, 2 �g of leupeptin per ml, and 1 mM
phenylmethylsulfonyl fluoride (PMSF). Caspase activities were determined by
incubation of cell lysates with 50 �M N-acetyl-Asp-Glu-Val-Asp-aminomethyl-
coumarin (DEVD-AMC) (Bachem, Heidelberg, Germany), a fluorogenic sub-
strate, in 200 �l of buffer containing 10 mM HEPES (pH 7.4), 220 mM mannitol,
68 mM sucrose, 2 mM NaCl, 2.5 mM KH2PO4, 0.5 mM EGTA, 2 mM MgCl2, 5

mM pyruvate, 1 mM PMSF, and 1 mM 1,4-dithiothreitol. The release of amin-
omethylcoumarin was measured by fluorometry using an excitation wavelength
of 360 nm and an emission wavelength of 480 nm.

Measurement of apoptosis. The leakage of fragmented DNA from apoptotic
nuclei was measured by the method of Nicoletti et al. (25). Briefly, apoptotic
nuclei were prepared by lysing cells in a hypotonic buffer (1% sodium citrate,
0.1% Triton X-100, 50 �g of propidium iodide per ml) and subsequently ana-
lyzed by flow cytometry. Nuclei to the left of the 2N peak containing hypodiploid
DNA were considered as apoptotic. All flow cytometry analyses were performed
on a FACScalibur apparatus (Becton Dickinson, Heidelberg, Germany) using
CellQuest analysis software.

Immunocytochemical detection of active caspase-3. Cells were fixed by adding
4% paraformaldehyde at room temperature to each chamber slide well (Nunc).
After four washes with phosphate-buffered saline (PBS), nonspecific binding was
blocked for 20 min at room temperature with 2% goat serum. Active caspase-3
was detected by using an antibody specific for the cleaved form of caspase-3.
Rabbit anti-caspase-3 polyclonal antibody (1:2,000; R&D Sytems, Wiesbaden,
Germany) was used for 1 h as primary antibody. Subsequently, cells were incu-
bated with 3% H2O2. Following multiple washes with PBS, biotinylated goat
anti-rabbit immunoglobulin G (1:200; Linaris, Wiesbaden, Germany) was used
for 30 min as the secondary antibody. After four washes, the reaction products
were developed using a standard peroxidase method (Vectastain ABC kit; Vec-
tor, Burlingame, Calif.).

Immunoblotting. Cleavage of poly(ADP-ribose) polymerase (PARP), caspase-3,
caspase-7, and caspase-8 was detected by immunoblotting. Following stimula-
tion, cells were harvested with a rubber policeman, washed in cold PBS, and lysed
in lysis buffer (1% Triton X-100, 50 mM Tris [pH 7.6], 150 mM NaCl, 3 �g of
aprotinin per ml, 3 �g of leupeptin per ml, 3 �g of pepstatin A per ml, 2 mM
PMSF). Subsequently, proteins were separated under reducing conditions by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (8 to
15% polyacrylamide). Following SDS-PAGE, proteins were electroblotted to a
polyvinylidene difluoride membrane (Amersham, Braunschweig, Germany). The
loading and transfer of equal amounts of protein was confirmed by staining the
nitrocellulose membrane with Ponceau S. The membranes were blocked for 1 h
with 5% nonfat dry milk powder in Tris-buffered saline (TBS) and then immu-
noblotted for 1 h with either rabbit anti-PARP polyclonal antibody (1:2,000;
Roche Diagnostics, Mannheim, Germany), mouse anti-caspase-3 monoclonal
antibody (1:500; Transduction Laboratory, Heidelberg, Germany), mouse anti-
caspase-7 monoclonal antibody (1:500; Pharmingen, Heidelberg, Germany), or
mouse anti-caspase-8 monoclonal antibody (1:10 dilution of hybridoma super-
natant; Biocheck, Münster, Germany). The membranes were washed four times
with TBS–0.05% Tween 20 and incubated for 1 h with peroxidase-conjugated
affinity-purified goat anti-rabbit (once) or rabbit anti-mouse (three times) IgG.
Following extensive washing, the reaction was developed by enhanced chemilu-
minescence staining using enhanced chemiluminescence reagents (Amersham).

Reagents and drugs. The broad-range peptide inhibitor of caspases benzyloxy-
carbonyl-Val-Ala-Asp-fluoromethyl ketone (zVAD-fmk) was purchased from
Enzyme Systems (Dublin, Calif.). The agonistic anti-CD95 antibody was ob-
tained from BioCheck (Münster, Germany). Ribavirin and cycloheximide (CHX)
were purchased from Sigma (Deisenhofen, Germany), and IFN was purchased
from Essex (München, Germany).

RESULTS

IFN and ribavirin induce apoptosis. First, we assessed
whether the antiviral substances IFN and ribavirin given alone
or in combination are able to induce apoptosis independently
of additional stimulation with anti-CD95. The quantitative
measurement of hypodiploid nuclei by fluorescence-activated
cell sorter analysis was used to detect apoptosis. IFN at high
doses produced a slight (25%) increase in apoptosis (Fig. 1A).
Ribavirin alone, at a dose of 250 �M, tended to enhance
apoptosis by 20% (Fig. 1B). The two substances together had
a more pronounced effect on apoptosis, with maximal frequen-
cies of 40% (Fig. 1C). No apoptosis was observed in the pres-
ence of the broad-range caspase inhibitor zVAD (data not
shown).

IFN and ribavirin sensitize to anti-CD95-induced apoptosis.
Virally infected cells will eventually express viral proteins on
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the cell surface and thereby induce a T-cell-receptor-mediated
activation of CTLs. Activated CTLs employ two major path-
ways to destroy their target cells, the perforin-granzyme B
system and the C95L-CD95 interaction. We used HepG2 cells
stimulated with the agonistic anti-CD95 antibody as a minimal
model to mimic this CD95L-CD95 interaction. Based on the
assumption that infected hepatocytes in vivo are simulta-
neously exposed to the antiviral drugs IFN and ribavirin as well
as to CD95L from attacking CTLs, we wanted to know whether
anti-CD95-induced apoptosis can be modulated by pretreat-
ment with IFN and ribavirin. Stimulation with anti-CD95 alone
for 12 h resulted in 25% apoptosis (0 kU/ml [Fig. 2A]). Pre-
incubation with IFN alone sensitized the cells for CD95-me-
diated apoptosis in a dose-dependent manner, resulting in up
to 48% apoptosis (Fig. 2A). In a similar fashion, ribavirin alone
could also sensitize HepG2 cells for anti-CD95-induced apo-
ptosis, resulting in up to 47% apoptosis (Fig. 2B). When the
two substances were used together for preincubation, the cells
were even more strongly sensitized, resulting in up to 70%
apoptosis.

These data show that pretreatment with either ribavirin or
IFN can significantly sensitize HepG2 cells for anti-CD95-
induced apoptosis. Sensitization for apoptosis is further en-
hanced after pretreatment with the combination of ribavirin
and IFN (Fig. 2C).

IFN and ribavirin activate caspases. We have observed mild
induction of apoptosis by IFN and ribavirin and a pronounced
increase in CD95-mediated apoptosis induction by these sub-

stances. The activation of caspases is thought to be a prereq-
uisite for apoptosis. Therefore, we examined whether the ob-
served apoptosis is correlated with an increase in caspase
activity. Caspase activity was quantitated by measuring the
release of fluorogenic aminomethylcoumarin (AMC) from
DEVD-AMC, a substrate for caspase-3-like caspases. Both
IFN and ribavirin, when given alone, induced a mild but sig-
nificant increase in caspase activity after an incubation period
of 24 h (Fig. 3A and B). However, when ribavirin and IFN were
combined, they were more effective in caspase activation than
was either single substance alone (Fig. 3C and D). Together,
they evoked a more than 5-fold increase in caspase activity,
whereas IFN or ribavirin alone induced a maximal 2.4- or
2.2-fold increase, respectively. These data demonstrate that the
antiviral substances IFN and ribavirin induce a mild but sig-
nificant increase in caspase activity.

IFN and ribavirin sensitize to anti-CD95-induced caspase
activation. Stimulation with anti-CD95 alone for 4 h caused an
eight fold increase in caspase activity (Fig. 4A [0 kU/ml] and
Fig. 4B [0 �M]). Preincubation with IFN alone sensitized the
cells to CD95-mediated caspase activation in a dose-dependent
manner, resulting in an up to 25-fold increase in caspase ac-
tivity (Fig. 4A). In a similar fashion, ribavirin alone could also
sensitize HepG2 cells to anti-CD95-induced caspase activa-
tion, resulting in a more than 35-fold increase (Fig. 4B). When
the two substances were used together in the preincubation,

FIG. 1. IFN and ribavirin induce apoptosis in HepG2 cells. HepG2
cells were incubated for 36 h with the indicated stimuli. Subsequently,
nuclei were isolated by hypotonic lysis, stained with propidium iodide,
and analyzed by flow cytometry for hypodiploid DNA content as an
indicator of apoptosis. A total of 8,000 nuclei was counted per data
point. The incidence of nuclei with hypodiploid DNA content is ex-
pressed as a percentage of the total number of nuclei. (A) IFN only;
(B) ribavirin only; (C) 10 kU of IFN per ml plus ribavirin as indicated
on the x axis. Values are means and standard deviations of triplicate
determinations. For comparison, 0.25 �g of anti-CD95 per ml in com-
bination with CHX (an inhibitor of translation) would result in 90 to
100% apoptosis after 24 h.

FIG. 2. IFN and ribavirin enhance anti-CD95-induced apoptosis in
HepG2 cells. HepG2 cells were pretreated for 24 h with the indicated
stimuli and then stimulated for 12 h with 0.25 �g of anti-CD95 per ml.
Subsequently, nuclei were isolated by hypotonic lysis, stained with
propidium iodide, and analyzed by flow cytometry for hypodiploid
DNA content as an indicator of apoptosis. A total of 8,000 nuclei was
counted per data point. The incidence of nuclei with hypodiploid DNA
content is expressed as a percentage of the total number of nuclei. (A)
IFN only; (B) ribavirin only; (C) 10 kU of IFN per ml plus ribavirin as
indicated on the x axis. Values are means and standard deviations of
triplicate determinations. For comparison, the same dose of anti-CD95
in combination with CHX would result in 90 to 100% apoptosis after
24 h.
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the cells were even more strongly, sensitized, rendering lower
doses of each substance more efficient to induce a certain level
of caspase activation (Fig. 4C and D). Thus, 25 �M ribavirin
alone caused a 15-fold increase in anti-CD95-induced caspase
activity (Fig. 4B), whereas in combination with 10 kU of IFN
per ml, the increase was 37-fold (Fig. 4C), and in combination
with 100 kU of IFN per ml, the increase was 39-fold (Fig. 4D).

These data show that low doses of ribavirin which are clinically
relevant can significantly sensitize HepG2 cells to anti-CD95-
induced caspase activation. In addition, IFN can sensitize
HepG2 cells, and when it is used together with ribavirin, the
sensitization is further enhanced.

IFN and ribavirin enhance anti-CD95-induced PARP cleav-
age. To further confirm the functional significance of enhanced

FIG. 3. IFN and ribavirin induce DEVDase activity in HepG2 cells. Lysates of HepG2 cells were assayed with DEVD-AMC after incubation
for 24 h with the indicated stimuli. The slope of the AMC release was measured fluorometrically and expressed as fold AMC release in
unstimulated cells. (A) IFN only; (B) ribavirin only; (C) 10 kU of IFN per ml plus ribavirin as indicated on the x axis; (D) 100 kU of IFN per ml
plus ribavirin as indicated on the x axis. Values are means and standard deviations of triplicate determinations. Representative plots from two
independent experiments are shown.

FIG. 4. IFN and ribavirin enhance anti-CD95-induced caspase activity in HepG2 cells. Lysates of HepG2 cells were assayed for caspase-3-like
activity by using DEVD-AMC after preincubation for 24 h with the indicated stimuli and subsequent stimulation for 4 h with 0.25 �g of anti-CD95
per ml. The slope of the AMC release was measured fluorometrically and is expressed as fold AMC release in unstimulated cells. (A) IFN only;
(B) ribavirin only; (C) 10 kU of IFN per ml plus ribavirin as indicated on the x axis; (D) 100 kU of IFN per ml plus ribavirin as indicated on the
x axis. Values are means and standard deviations of triplicate determinations. Representative plots from two independent experiments are shown.
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caspase activation as measured by fluorometry, we performed
immunoblot experiments for the DNA repair enzyme PARP, a
classical substrate of caspases. Stimulation with anti-CD95
alone was able to induce AMC release from DEVD-AMC as
measured by fluorometry and 25% apoptosis as measured by
fluorescence-activated cell sorter analysis (see above). How-
ever, no cleavage product of PARP was observed by immuno-
blot analysis after stimulation with anti-CD95 alone (Fig. 5,
lane 2). Addition of the protein synthesis inhibitor CHX to
anti-CD95 served as a positive control. CHX, when coincu-
bated for 4 h with anti-CD95, dramatically increased the extent
of AMC release and the rate of apoptosis (40-fold and 90%,
respectively [data not shown]), and only then could the PARP
cleavage product p85 be detected by immunoblot analysis (lane
1). In contrast to stimulation with anti-CD95 alone, preincu-
bation with both IFN and ribavirin led to the appearance of the
p85 cleavage product (lanes 4 to 7). An even stronger enhance-
ment of this cleavage product was observed after pretreatment
with the combination of the two antiviral substances (lanes 8
and 9). However, no PARP cleavage was detected after incu-
bation with IFN, ribavirin, or the combination for 24 h in the
absence of anti-CD95 (data not shown).

These results demonstrate that the IFN- and/or ribavirin-
induced enhancement of caspase activation, as measured by
fluorometry, supports cleavage of the caspase substrate PARP
and is thus of functional significance in the cellular context.

Ribavirin and IFN enhance the activation of the effector
caspase-3 and caspase-7. Measurement of caspase activity by
determining the release of AMC is a very sensitive and easily
quantifiable method. However, this method detects all
caspase-3-like activities and cannot distinguish between differ-
ent caspases of this group. To confirm the fluorometric data by
an alternative approach and to further identify specific caspase
activities that are affected by IFN and ribavirin, we performed
immunocytochemistry experiments using an antibody which is
specific for active caspase-3. Caspase-3 is a central effector
caspase which serves as a converging point for many different
stimuli. Following its own activation by proteolytic cleavage,
caspase-3 destroys a variety of cellular substrates (like PARP),
which eventually leads to the demise of the cell. Representa-
tive photomicrographs are shown in Fig. 6, and the results are

summarized in a semiquantitative way in Fig. 7. Stimulation
with anti-CD95 alone induced caspase-3 activation in only 10
cells per field (Fig. 6A and 7). The rate of detection of positive
cells was enhanced by preincubation with either IFN (Fig. 6B
and Fig. 7), to 30 positive cells per field, or ribavirin (Fig. 6C
and Fig. 7), to 55 positive cells per field. The combination of
the two substances further enhanced this effect to 60 positive
cells per field (Fig. 6D and Fig. 7). The effect of IFN and
ribavirin on caspase-3 activation was further confirmed by im-
munoblot analysis (Fig. 8A). Uncleaved procaspase-3 is de-
tected as a 32-kD protein. Activation results in an intermediate
20-kD fragment with minor activity and a 17-kD fragment with
full proteolytic activity. Stimulation with anti-CD95 alone did
not evoke any visible caspase-3 cleavage products (Fig. 8A,
lane 2). In contrast, stimulation with anti-CD95 in the presence
of CHX induced cleavage into the typical cleavage products of
caspase-3 (lane 1, p20 � p17). Preincubation with IFN alone
led to the appearance of the 17-kDa fragment (lanes 6 and 7),
whereas preincubation with ribavirin alone led to the appear-
ance of the 20- and 17-kDa fragments (lanes 4 and 5). The
combination of the two antiviral substances preferentially en-
hanced the appearance of the 20-kDa fragment (lanes 8 and 9).
No cleavage of caspase-3 was detected after incubation with
IFN, ribavirin, or the combination for 24 hs in the absence of
anti-CD95 (data not shown).

Caspase-7 is another effector caspase that recognizes the
DEVD tetrapeptide sequence and could therefore be respon-
sible for “caspase-3-like activity” in the fluorometric assay.
Accordingly, we performed immunoblot experiments for
caspase-7. Uncleaved procaspase-7 is detected as a 35-kDa
protein. Activation results in an intermediate 32-kDa fragment
and subsequently in a 19-kDa fragment. In agreement with the
results for caspase-3, anti-CD95 alone resulted in only a very
moderate cleavage of caspase-7 into the intermediate cleavage
product p32 (Fig. 8B, lane 2), which was clearly enhanced in
the presence of CHX (lane 1). Preincubation with IFN in-
creased the cleavage of caspase-7 into the 32- and 19-kDa
fragments (lanes 6 and 7), whereas preincubation with ribavirin
promoted the appearance mainly of the 32-kDa fragment
(lanes 4 and 5). Preincubation with IFN and ribavirin together
enhanced the activation of caspase-7 more strongly than did

FIG. 5. Pretreatment with IFN and ribavirin enhances anti-CD95-induced cleavage of PARP. HepG2 cells were pretreated for 24 h with
medium (lanes 1 to 3), ribavirin (lanes 4 and 5), IFN (lanes 6 and 7), or the combination of ribavirin and IFN (lanes 8 and 9). Subsequently the
cells were stimulated for 4 h with medium (lane 3), 0.25 �g of anti-CD95 per ml (lanes 1, 2, and 4 to 9), or anti-CD95 plus CHX (lane 1) as a
positive control. Cell lysates were then assayed for PARP by immunoblot analysis. Uncleaved PARP is indicated by the open arrowhead, and
cleavage products are indicated by the solid closed arrowhead. Note that the nonspecific band above 115 kDa serves as the loading control.

1916 SCHLOSSER ET AL. ANTIMICROB. AGENTS CHEMOTHER.



F
IG

.
6.

Pretreatm
ent

w
ith

IF
N

and
ribavirin

enhances
anti-C

D
95-induced

caspase-3
activation.

R
epresentative

photom
icrographs

of
H

epG
2

cells
follow

ing
stim

ulation
w

ith
0.25

�
g

of
anti-C

D
95

per
m

l
for

4
h

and
subsequent

im
m

unocytochem
ical

detection
of

active
caspase-3

are
show

n.
(A

)
N

o
pretreatm

ent.
(B

)
Pretreatm

ent
w

ith
10

5
U

of
IF

N
per

m
l

for
24

h.
(C

)
Pretreatm

ent
w

ith
10

3
�

M
ribavirin

for
24

h.(D
)

Pretreatm
ent

w
ith

10
5

U
of

IF
N

per
m

lplus
10

3
�

M
ribavirin

for
24

h.

VOL. 47, 2003 INFLUENCE OF RIBAVIRIN AND INTERFERON ON APOPTOSIS 1917



the single substances (lanes 8 and 9). No cleavage of caspase-7
was detected after incubation with IFN, ribavirin, or the com-
bination for 24 h in the absence of anti-CD95 (data not
shown).

These data demonstrate that anti-CD95-induced activation
of the effectors caspase-3 and caspase-7 is enhanced by prein-

cubation with either IFN, ribavirin, or the combination of the
two.

Effect of IFN and ribavirin on the cleavage of the initiator
caspase-8. Stimulation of CD95 leads to the recruitment and
subsequent activation of the initiator procaspase-8. Caspase-8,
in turn, cleaves a number of other caspases including the exe-

FIG. 7. Pretreatment with IFN and ribavirin enhances anti-CD95-induced caspase-3 activation. This figure shows a semiquantitation of the
photomicrographs in Fig. 6. Eight randomly selected microscopic fields (area of interest) per treatment were selected, and brown cells corre-
sponding to cells stained with the specific antibody against active caspase-3 were counted.

FIG. 8. Pretreatment with IFN and ribavirin enhances anti-CD95-induced cleavage of caspase-3, caspase-7, and caspase-8. HepG2 cells were
pretreated for 24 h with medium (lanes 1 to 3), ribavirin (lanes 4 and 5), IFN (lanes 6 and 7), or the combination of ribavirin and IFN (lanes 8
and 9). Subsequently the cells were stimulated for 4 h with medium (lane 3), 0.25 �g of anti-CD95 (lanes 1, 2, and 4 to 9), or anti-CD95 plus CHX
(lane 1) as a positive control. Cell lysates were then assayed by immunoblot analysis for caspase-3 (A), caspase-7 (B), and caspase-8 (C). Uncleaved
procaspases are indicated by open arrowheads, and cleavage products are indicated by solid arrowheads. Note that procaspase-8 is not shown;
instead, another nonspecific band from the same blot (NS) is shown; this band serves as a loading control.

1918 SCHLOSSER ET AL. ANTIMICROB. AGENTS CHEMOTHER.



cutioner caspase-3 and caspase-7. Therefore, we examined,
whether the extent of caspase-8 cleavage is also influenced by
preincubation with IFN and ribavirin by using immunoblot
experiments for caspase-8. Uncleaved procaspase-8 is detected
as a 53/55-kDa protein. Activation results in the processing
into an intermediate 41/43-kDa fragment that is subsequently
cleaved into an 18-kDa fragment. Stimulation with anti-CD95
alone induced only a moderate activation of caspase-8 (Fig.
8C, lane 2). In agreement with the activation of caspase-3 and
caspase-7, addition of CHX increased the processing of
caspase-8 (lane 1). Preincubation with both IFN and ribavirin
also enhanced the appearance of the intermediate cleavage
products p41/p43 (lanes 4 to 7) and further increased the
activity of caspase-8, as indicated by the additional cleavage
product p18 (lanes 8 and 9). No cleavage of caspase-8 was
detected after incubation with IFN, ribavirin, or the combina-
tion for 24 h in the absence of anti-CD95 (data not shown).

These data demonstrate that the activation of the initiator
caspase-8 is enhanced by preincubation with either IFN or
ribavirin and that the enhancement is more pronounced by the
combination of the two. Thus, preincubation with IFN and/or
ribavirin promotes the activation of the initiator caspase-8 as
well as the activation of the executioner caspase-3 and
caspase-7. These effects on caspase activity correlate with en-
hanced degradation of the caspase substrate PARP and with
enhanced apoptosis.

DISCUSSION

Combination therapy with ribavirin and IFN is the current
standard treatment of chronic hepatitis C. Compared to mono-
therapy with IFN, this regimen has increased the virus elimi-
nation rate from 15 to 40%. However, the molecular mecha-
nisms of this effect are poorly understood. With respect to
ribavirin, direct antiviral effects have been described; never-
theless, they do not seem to fully explain the range of biological
effects being observed. Apart from direct antiviral effects, an-
tiviral compounds could also interfere with host factors and
thereby determine the ability of the host to eliminate the virus.
Elements that influence the host response to a virus include
not only cellular and humoral components of the immune
system but also the functional state of the infected target cells
when they are attacked by the immune system. Therefore the
question posed in the present study was whether—indepen-
dently of the presence or absence of viral infection—the anti-
viral substances IFN and ribavirin are able to modulate the
functional state of cells with respect to inducibility of apopto-
sis. Since many viruses have evolved mechanisms that inhibit
apoptosis, the opposite, namely, promotion of apoptosis, could
be a successful mechanism by which a pharmaceutical com-
pound strengthens the host antiviral response. IFN has a clin-
ically proven antiproliferative potency in hairy cell leukemia,
melanoma, chronic myeloic leukemia, and lymphomas (28)
and eventually also in hepatocellular carcinoma and other neo-
plasias (18). However, it is not established whether modulation
of apoptosis is part of the “antiproliferative” potency of IFN.
In cells, infected with RNA viruses, IFN induces the double-
stranded RNA-dependent serine/threonine protein kinase
PKR, a key molecule with respect to the antiviral potency of
IFN (10). Apart from this direct antiviral potency, cells over-

expressing PKR are more sensitive to apoptosis (1), and it has
been demonstrated that PKR can induce PARP cleavage (17)
and an upregulation of CD95 mRNA in NIH 3T3 cells (8).
Following this line and considering that infected cells are likely
to be attacked by CD95L-expressing immune cells, we have
asked whether the antiviral substances IFN and ribavirin could
modulate CD95-mediated apoptosis in the absence of virus
infection and PKR expression.

In our experiments, we have shown that IFN and ribavirin
induce apoptosis to a moderate extent and, furthermore, that
they are able to sensitize hepatoma cells for apoptosis induc-
tion by anti-CD95. Thus, we demonstrate an additional apo-
ptosis-promoting effect of IFN and ribavirin that might be
functional in host cells. How can IFN and ribavirin induce or
promote apoptosis? Based on the very sensitive fluorometric
assay, we provide evidence for caspase activation in response
to IFN and ribavirin in the absence of CD95 stimulation. The
caspase activity was higher when IFN and ribavirin were given
in combination than when each substance was used separately.
However, neither incubation with the single substances nor
incubation with the combination led to visible cleavage prod-
ucts in the less sensitive Western blot assay. Therefore, we
consider the caspase activity under these conditions to be mod-
erate. Stimulation with anti-CD95 alone induced also only
limited apoptosis and levels of caspase activity that were de-
tectable fluorometrically but not in the immunoblot assay. In
contrast, when anti-CD95 was applied after pretreatment with
either IFN, ribavirin, or the combination of the two, caspase
activity was elevated to a level that was detectable by immu-
noblot analysis, particularly when the combination was used.
The positive effect of IFN and ribavirin on caspase cleavage
and activation correlated with increased cleavage of the
caspase substrate PARP and with an increased frequency of
apoptosis, demonstrating that the activated caspases are func-
tional in the cellular context. In the presence of zVAD, an
unselective irreversible caspase inhibitor, neither caspase ac-
tivity nor apoptosis was detected. Thus, moderate activation of
caspases might be a mechanism by which IFN and ribavirin
support apoptosis induced by other moderate caspase activa-
tors such as anti-CD95 in our example.

Starting at doses of 25 to 50 �M ribavirin, the response to
anti-CD95 was clearly increased with respect to caspase acti-
vation. These doses are close to ribavirin levels in the serum of
patients treated with ribavirin (6). Moreover, since ribavirin is
actively transported into cells (13), the intracellular concentra-
tions might be even higher. With respect to IFN, rather high
doses were required in our experiments to induce biological
effects. On the other hand, the density and sensitivity of IFN
receptors might be suboptimal under our culture conditions
and extended incubation times could possibly lower the re-
quired IFN dose.

We further analyzed single elements of the death receptor-
dependent pathway of caspase activation. The experiments
revealed that the enhanced appearance of caspase cleavage
products is similar for the executioner caspase-3 and caspase-7
and for the initiator caspase-8. This suggests that the initial
event induced by pretreatment with IFN and ribavirin is lo-
cated upstream of caspase activation. However, the exact na-
ture of the initial event remains to be established. Recent data
support the possibility that IFN acts on the death-inducing
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signaling complex, which is composed of the cytoplasmic part
of CD95, Fas-associated death domain, and procaspase-8 (1).
Ribavirin might affect signal transduction pathways by exerting
nonspecific effects on cell proliferation and protein synthesis.
However, the minimal ribavirin dose needed to significantly
affect cell proliferation and protein synthesis was 500 �M after
24 h and 60 �M after 72 h in primary human hepatocytes (14).
In our experiments, we observed effects after 24 h when start-
ing at doses of 25 �M, indicating that these effects might be
independent of antiproliferative effects. Furthermore, other
reports support the concept that low doses of ribavirin can
influence intracellular signal transduction. Thus, ribavirin pro-
motes a shift toward a Th1 cytokine profile at doses between 1
and 10 �M (22, 26, 35) and ribavirin at 20 �M was able to
induce mediator release from mast cells (21).

In summary, our data demonstrate that the antiviral sub-
stances IFN and ribavirin are able to induce apoptosis and to
sensitize for apoptosis mediated by the death receptor CD95.
The sensitization to CD95 stimulation by the antiviral agents
might be of especial importance since binding of CD95L to
CD95 is one of the two major pathways used by CTLs to kill
their target cells. Therefore, such a mechanism could enhance
the lymphocytic response of an organism to virus-infected or
malignant cells.
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