
Review

Host defense, viruses and apoptosis

GN Barber*,1

1 Department of Microbiology and Immunology and Sylvester Comprehensive
Cancer Center, University of Miami School of Medicine, Miami, FL 33136, USA

* Corresponding author: GN Barber, Rm 514 Papanicolaou Building, 1550 NW
10th Ave [M710], University of Miami School of Medicine, Miami, FL 33136,
USA. Tel: +1 305 243 5914; Fax: +1 305 243 5885;
E-mail: gbarber@med.miami.edu

Received 30.10.00; accepted 4.12.00
Edited by JM Hardwick

Abstract
To thwart viral infection, the host has developed a formidable
and integrated defense network that comprises our innate and
adaptive immune response. In recent years, it has become
clear that in an attempt to prevent viral replication, viral
dissemination or persistent viral infection of the cell, many of
these protective measures actually involve the induction of
programmed cell death, or apoptosis. An initial response to
viral infection primarily involves the innate arm of immunity
and the killing of infected cells with cytotoxic lymphocytes
such as natural killer (NK) cells through mechanisms that
include the employment of perforin and granzymes. Once the
virus has invaded the cell, however, a second host defense-
mediated response is also triggered which involves the
induction of a family of cytokines known as the interferons
(IFNs). The IFNs, which are essential for initiating and
coordinating a successful antiviral response, function by
stimulating the adaptive arm of immunity involving cytotoxic T
cells (CTLs), and by inducing a number of intracellular genes
that directly prevent virus replication/cytolysis or that
facilitate apoptosis. The IFN-induced gene family is now
known to comprise the death ligand TRAIL, the dsRNA-
dependent protein kinase (PKR), interferon regulatory factors
(IRFs) andthe promyelocytic leukemiagene (PML), all of which
have been reported to be mediators of cell death. That DNA
array analyses indicate that numerous cellular genes, many as
yet uncharacterized, may similarly be induced by IFN, further
emphasizes the likely importance that these cytokines have in
the modulation of apoptosis. This likelihood is additionally
underlined by the elaborate strategies developed by viruses to
inhibit IFN-antiviral functionandthe mechanisms of celldeath.
Cell Death and Differentiation (2001) 8, 113 ± 126.
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Host defense against viral infection: innate
immunity and apoptosis

The innate arm of immunity plays a critical role in the early
control of viral infection as well as in the initiation and
subsequent direction of the adaptive immune response.
Typically, viral infection starts with local invasion, for example
of an epithelial surface, and results in the infection of the
target organ such as the skin, nervous system, pulmonary
tract or immune system. Following entry, viruses then face a
variety of hurdles, constituting cellular host defense that are
designed to protect the organism and eradicate the infectious
agent. One of the first lines of defense that confronts an
invading virus before it has infected the cell involves
neutralizing antibody, which binds to the envelope or capsid
proteins of the pathogen and prevents viral attachment and
entry into host.1 These antibodies can comprise `natural'
antibodies, which represent a spontaneous repertoire of
circulating immunoglobulins that bind to virus and influence
the infection of vital target organs as well as direct the virus to
secondary lymphatic organs to accelerate and enhance
immune responses.2 Similarly, complement activation may
participate in antibody mediated viral immunity by coating the
virus, by promoting phagocytosis, or by directly lysing those
viruses with lipid membranes.3 Should the virus infect the cell,
however, a formidable variety of cellular and humoral
mechanisms designed to prevent viral dissemination are
subsequently invoked. For example, antibody-dependent cell-
mediated cytotoxicity (ADCC) involving large granular
lymphocytes, or K cells, can be summoned which bind to
antibody on virus infected target cells via their surface FC
receptors and kill the cell. In addition, natural killer (NK) cells,
which also do not appear to require prior contact with target
antigens to develop cytolytic capacities, similarly appear to be
potent effectors in ADCC. NK cells are thought to distinguish
infected from uninfected cells via multiple histocompatibility
complex class I (MHC) expression. Receptors (Ly49) on the
surface of the NK cells recognize normal syngeneic cellular
MHC class I molecules, which inhibit NK activity. Since MHC
class I protein expression and host protein synthesis in
general can be inhibited by many viruses, NK cells interacting
with an infected cell would no longer be inhibited through their
MHC-specific receptor. In this situation, another NK receptor
(NKR-P1), which recognizes a wide variety of carbohydrate
ligands found on many cells can trigger cytolysis of a target
cell. In addition, NK cells express the Fc receptor (CD16)
which recognize selected host Ig subclasses bound to viral
antigens on the surface of infected cells and can kill such cells
also.4 Both mechanisms of cell death likely involve the orderly
elimination of infected cells through use of perforin and
granzymes.5 Following interaction with the target, killer cells
secrete the protein perforin onto cells infected with virus.
Perforin, by calcium-dependent binding to phospholipid head
groups and polymerization, forms transmembrane channels
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of sizes up to 16 nm. Processed granzymes are also secreted
from the killer cell and can enter the target cell through repair
endocytosis. This event ultimately causes downstream
cellular pathways to be activated that results in the suicide
of the cell by a mechanism referred to as apoptosis.6

Apoptosis

Apoptosis, or programmed cell death is a process in which
cells activate intracellular death pathways to terminate
themselves in a systematic way in response to a wide variety
of stimuli.6 Morphologically, cells undergoing apoptosis
appear to shrink and are swiftly engulfed by neighboring
cells and phagocytes before there is any leakage of their
contents. This process of cellular death is different to where
cells die in response to injury. In the latter situation, damaged
cells swell and burst, spilling out their contents and attracting
lymphocytes, thereby eliciting an unwanted inflammatory
response.7 Within the last few years it has become apparent
that apoptosis plays an important role in development, the
regulation of hematopoetic progenitor cells, in the elimination
of cells that have sustained genetic damage or that undergo
uncontrolled cellular proliferation, and in preventing viral
replication.

Genetic analysis of the nematode Caenorhabditis
elegans gave investigators a clue as to the molecules
involved in the apoptotic process. For example, two loci
ced-3 and ced-4 (ced for cell death abnormal) were found
to be required for the apoptosis of 131 cells during worm
development.8 Since the mechanisms of apoptosis are
somewhat conserved, it was not very long before it was
noticed that ced-3 was remarkably similar to a human
protein referred to as interleukin-1-converting enzyme
(ICE), and to a number of similarly structured proteins
now known as caspases. These 30 to 60 kDa proenzymes
are continuously made in the cell and are activated by
proteolytically processing either autocatylytically or in a
cascade by enzymes with similar characteristics.9 Once
activated, caspases will cleave proteins containing specific
tetrapeptide motifs harboring an aspartic acid residue.
About 50 or so cellular substrates for the caspases have
so far been identified, although many more likely exist.
Most caspase targets included proteins that prevent the
dismantling of the cell and degradation of the nucleus
including DNA fragmentation. The eventual outcome of
caspase activation generates the morphological hallmarks
of apoptosis.

Apoptosis: death receptors

The perforin/granzyme pathway is one way in which CTLs and
NK cells can eradicate virus infected cells through the use of
apoptosis.10 Yet another important apoptosis-related me-
chanism of antiviral host defense involves CTLs that
recognize and kill target cells by signaling though cell surface
death receptors.11 Death receptors belong to the tumor
necrosis factor (TNF) receptor family and contain a
homologous sequence referred to as the `death domain (DD
domain)' in their cytoplasmic tail. The most well characterized
death-receptors are CD95/Fas and TNFR1, although addi-

tional death receptors have been isolated and are referred to
as DR3, 4, and 5.11,12 Numerous studies have indicated that
FasL binds to Fas, TNF and lymphotoxin alpha bind to
TNFR1, Apo3L/TWEAK binds to DR3 and Apo2L/TRAIL
binds to DR4 and 5. Aside from killing virus-infected or
malignant cells lymphocytes use death receptor induced
killing to delete activated mature T cells at the end of an
immune response. In the case of Fas-mediated killing, CTLs
expressing Fas ligand (FasL) bind to Fas receptors on the
target cell, clustering their intracellular death domains. An
adapter molecule FADD (for Fas-Associated Death Domain)
then binds to the receptors through its own death domain.13

FADD also contains a `death effector domain' (DED domain)
that functions as a caspase recruitment domain (CARD),
found in several caspases. The preferred target of FADD is
caspase-8 or FLICE, which following oligomerization,
activates itself through self cleavage to activate downstream
effector or executioner caspases such as caspase-3, thus
committing the cell to apoptosis.14

Activation of all the death receptors can recruit FADD to
initiate the death signaling process. However, in the case of
TNFR1 and DR3, recruitment of FADD and the triggering of
apoptosis is accomplished by another adapter protein
TRADD (for TNFR-Associated Death domain). TNFR1/
DR3-mediated cell death rarely occurs though, unless
protein synthesis is inhibited.15 Activation of the TNFa
pathway is also able to suppress apoptosis by utilizing the
NF-kB and c-Jun NH2-terminal kinase (JNK)/AP-1 signaling
pathways, to stimulate the expression of anti-apoptotic
genes such as the inhibitors of apoptosis (IAPs) and TNFR-
associated factors (TRAFs) which prevent caspase activa-
tion and thus cell death.16 ± 18 The role of NF-kB in
controlling cell death is becoming increasingly apparent.
Recent data indicate that to activate TNF receptor mediated
cell death, an intracellular death domain kinase RIP, must
be recruited to the TNF receptor complex. In the presence
of both TRAF2 and RIP, however, IKb kinase complexes
(IKK) are also recruited to the receptor and become
activated.19,20 Upon stimulation by IKKs, IkBs becomes
phosphorylated which is the signal for their subsequent
ubiquitination and degradation by the proteosome pathway.
This event, in turn, releases bound NF-kB complex allowing
it to translocate to the nucleus and activate the transcription
of specific genes responsible for cell survival (cIAPs,
TRAFs, Bcl-xL) or even cell death (Fas).21,22 It has
recently been shown that p53-mediated apoptosis requires
the activation of NF-kB. However, the induction of NF-kB
by p53 is apparently different from that mediated by TNFa,
reportedly involves MEK1 and pp90rsk and may be cell-
specific.23 Certainly, NF-kB likely plays an important role in
modulating virus-mediated apoptosis (see below). For
example a recent report demonstrated that NF-kB activity
may be regulated by a number of viruses, such as by
Epstein-Barr virus (EBV) through LMP-1, resulting in
enhanced cell survival following infection.24,25

Apoptosis: mitochondria

Death receptor ligation can also elicit the help of cellular
organelles such as the mitochondria. The involvement of the
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mitochondria in apoptosis first came to light when it was
discovered that one of the critical factors required for the
activation of caspase-3 was cytochrome c.26 Cytochrome c,
released from the mitochondria, binds to a protein called Apaf-
1, which turned out to be the homologue of C. elegans ced-4,
inducing it to associate with pro-caspase-9.26,27 This event
triggers caspase-9 activation and initiates the apoptotic
cascade by processing executioner caspase-3. Other
mitochondrial proteins such as SMAC/DIABLO or apoptosis
inducing factor (AIF) can also be released by mitochondria to
promote apoptosis in a caspase-dependent or independent
manner, respectively.28 ± 30 Direct damage to the mitochondria
by viruses such as VSV, perhaps ceramides, ultraviolet (UV)
radiation and drugs such as etoposide and staurosporin can
induce mitochondrial damage perhaps through ruptured
membranes or changes in intramitochondrial and cytosolic
pH which modulate caspase activation. In many cases, the
mitochondrial inner transmembrane potential (Dcm) col-
lapses, which facilitates the release of cytochrome c.27 A
number of proteins that reside in the inner and outer
membranes of the mitochondria may form ion channels to
regulate the efflux of cytochrome c. One of these regulatory
proteins, Bcl-2 turned out to be the homologue of the anti-
apoptotic C. elegans gene ced-9. At least 15 members of the
Bcl-2 family with either pro-apoptotic properties such as Bax
and Bid (activated by caspases) or anti-apoptotic properties
such as Bcl-2 and Bcl-xL have been identified.31,32

Significantly, several Bcl-2-like proteins are encoded by
many viruses, such as by EBV(BHRF1) and human herpes
virus-8 (KSBcl-2) to inhibit mitochondrion triggered cell
death.33 ± 36 It is interesting to note that a recent report
indicated that pro-apoptotic members of the Bcl-2 family, such
as Bax can also function as survival factors, for example in
response to fatal Sindbis virus infection. Such data implies
that as yet unknown cell-specific factors likely play an
important role in regulating mitochondria-induced apoptosis.37

The interferons (IFNs) and the modulation
of immune responses

Interestingly, the activity of NK cells can increase up to 100-
fold following exposure to a group of cytokines referred to as
the interferons (IFNs).3,4 The IFNs are now considered to play
a critical role in innate immunity to viral infection and aside
from effectively preventing intracellular viral replication, can
also mediate the activation and recruitment of the adaptive
immune response. For example, MHC class I and II
molecules, required for efficient CTL activity, are potently
induced by IFN a/b.4 More recently, the existence of natural
IFN producing cells (IPCs or CD4+ CD11c- type 2 dendritic
cell, DC, precursors), has been reported which produce high
amounts of type I IFN in response to viral infection.38 ± 41 In
addition to cytokines, such as TNFa and IL-3, viral infection
was also found to promote the differentiation of IPCs into
mature DCs. Virally stimulated mature DCs are then able to
initiate adaptive immune responses, including antibody
production, by strongly activating antigen-specific naõÈve T
cells and by inducing them to produce type II IFN and IL-10.41

Since there is a delay of approximately 5 days before the
initial adaptive immune response takes effect, the IFNs also

have a critical role in controlling intracellular viral infection
during this period. In the last few years, the importance of
IFN antiviral action, including ability to modulate cell death
has become increasingly apparent. This has been best
emphasized by demonstrating that mice lacking a functional
IFN system are extremely sensitive to lethal infection with
numerous viruses such as vesicular stomatitis virus (VSV),
semliki forest virus, and vaccinia virus infection.42 ± 44

The IFNs and apoptosis

The IFNs were discovered in the late 1950s by their capacity
to inhibit influenza virus replication.45 After over 40 years of
research, however, the exact mechanism of IFN's antiviral
activity still remains to be elucidated. What is apparent is that
the IFNs embrace two main families referred to as type I (a/b)
and type II (g), although a third member referred to as o has
also been identified.46 Type I IFNs, induced by most cell-types
such as leukocytes and fibroblasts, are clustered on the short
arm of chromosome 9 and consist of several a genes and
pseudogenes, and one b gene. In contrast, type II IFN
consists of a single gene on chromosome 12 that is mainly
secreted by Th-1 lymphocytes and NK cells. The IFNs can be
induced by a number of stimuli including viruses and dsRNA,
through mechanisms involving activation of interferon-
regulatory factor (IRF-3), NF-kB and perhaps the dsRNA-
dependent protein kinase (PKR) and the JNK2 pathway.47 ± 50

Following secretion from the cells, these cytokines bind to
species specific cell-surface receptors and initiate the
induction of a number of responsive genes (430) via
signaling through the Janus protein kinase (JAK)/signal
transducers and activators of transcription (STAT) pathway.51

Biochemically purified natural or recombinant IFN has
little antagonistic effect on the viability of most cell-lines in
culture and in many instances IFN treated cells are
protected against the replication of a number of viruses
such as vesicular stomatitis virus (VSV), vaccinia virus and
encephalomyocarditis virus (EMCV).46 Indeed, hepatitis C
virus infection and a number of virus-associated malignant
diseases have been found to respond well to IFN
treatment. However, in vivo administration of IFN as a
general antiviral therapy, has been found to be more
problematic and less efficient at eliminating virus infection
in part due to toxic side effects that presently prevent
optimum dose regimes from being implemented.52

Although it is clear that IFN can prevent the replication of
a variety of viruses such as VSV without damaging the
host, evidence also indicates that these cytokines can also
greatly sensitize certain tissue cultured cells to apoptosis,
for instance in response to dsRNA and influenza virus.53 ± 57

The mechanism by which IFN appears to sensitize cells to
apoptosis appears to be predominantly via the FADD/
caspase-8 signaling, since IFN-induced cell death could be
prevented by inhibitors of caspase-8, by dominant-negative
variants of FADD or in cells lacking FADD, but not those
lacking Apaf-1.55,56 Although the pathways governing IFN-
induced apoptosis remain to be unraveled it is possible that
as yet uncharacterized IFN-induced proteins may govern
the regulation of death induced signaling complexes
(DISCs) that comprise FADD/caspase-8.55
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Currently, one model of IFN-induced antiviral action
suggests that only a virus infected cell producing IFN, is
likely to undergo apoptosis.57 In this model, IFN is able to
function in an autocrine manner to induce the death of the
infected cell. However, by also functioning in a paracrine
manner, IFN is able to induce an antiviral state in
uninfected cells, thus preventing virus replication and virus
mediated apoptosis (Figure 1). A slightly different model
favored by ourselves, proposes that IFN can establish an
antiviral state that can result in either cell death or cell
survival, depending on the stimulus, such as type of virus.55

This may explain why IFN is able to actually sensitize
certain cells to influenza virus or dsRNA-mediated
apoptosis but protect against VSV replication.55 Evidence
indicates that IFN is able to inhibit virus replication and
virus-induced apoptosis by mechanisms that likely involves
the early blocking of viral transcription/translation as well as
genome replication which could activate stress-related cell
death (see below). Unfortunately, many of these models
are based on in vitro studies and such results may be
governed by cell-or tissue specific factors. Thus, the
importance of IFN-mediated apoptosis in vivo has yet to

be confirmed. In part, the mechanism of IFN-regulated cell
survival has been complicated by the fact that numerous
IFN-induced proteins remain to be characterized or even
discovered. DNA array technology indicates that a
considerable number of proteins are inducible by IFN.58

Some of these proteins have been implicated as playing a
role in regulating apoptosis and are discussed below,
though many more await characterization and may lend
further light into the complex world of IFN action, including
role in apoptosis.

The IFNs and apoptosis: the dsRNA
connection

Knowing that influenza virus was a potent inducer of IFN, a
number of reports emerged indicating that dsRNA complexes
formed in the course of viral multiplication, as an intermediate
or side product, were the actual inducers of IFN.59,60 Indeed,
very small amounts of dsRNA were reported capable of
influencing IFN production. For single stranded viruses, the
formation of dsRNA in the infected cell may arise from
replicative intermediates i.e. both positive and negative sense

Figure 1 (A) Virus invades the cell and triggers the activation of proteins involved in the induction of interferon (IFN). In response to virus infection, IRF-3
becomes phosphorylated and translocates to the nucleus to cooperate with transcription factors to induce IFN-b. Viral dsRNA also activates JNK-2 and PKR, the
latter assisting with IFN production perhaps through activation of the NF-kB pathway. Aside from inducing IFN, IRF-3, PKR and JNK-2 may also contribute towards
regulating cell death or survival by inducing the activation of other genes. (B) Type I or II IFN binds to species specific cell surface receptors and through the Jak/
STAT pathway induce the transcription of genes harboring IFN-stimulated response elements (ISRE) or gamma-activation sequence (GAS) in their promoters
regions, respectively. Genes known to be induced by IFN and to play a role in apoptosis include TRAIL, PKR, IRF-1 and PML
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RNA. Alternatively, single-stranded RNAs may be capable of
forming dsRNA duplexes.46,54 The presence of dsRNA has
also been reported for DNA viruses such as vaccinia virus,
adenovirus (ADV) and herpes simplex virus (HSV). Evidence
indicates that complementary mRNAs from DNA viruses can
be produced from genes transcribed in the opposite direction.
Alternatively, in the case of viruses with dsRNA genomes,
such as reovirus, the inducer of IFN may be the genome itself.
Many viruses are known to be potent inducers of IFN,
including VSV, Sendai virus and Newcastle disease virus.46 In
the early 1970 s when the term apoptosis was first coined,
Stewart et al. noted that dsRNA exhibited potent cytotoxic
activity.46,47 This effect, which we now know is due to the cell
undergoing apoptosis, was noted to be greatly exacerbated
by IFN. Thus dsRNA is not only a potent inducer of IFN, but is
also a potent inducer of cell death. Evidence now indicates
that the two mechanisms may involve the same molecules,

such as members of the interferon-regulatory factor (IRF)
family and the dsRNA-dependent protein kinase, PKR (see
below).

The IFN regulatory factors (IRFs)

The IRFs are a family of transcription regulators originally
identified during studies of the transcriptional regulation of the
human IFN-b that are induced by dsRNA, viruses or in many
cases by IFN itself.61 There are now considered to be more
than 10 or so members of this family, including IRFs1-7, 8
(ICSBP), IRF-9 (ISGF3g/p48) and even virus-encoded forms
of the IRF proteins.62 ± 65 Nearly all IRFs share homology in
the N-terminal region and bind similar DNA motifs found in
most IFN-inducible genes (IFN stimulated response element
(ISRE)), MHC class I promoters (IFN consensus sequence
(ICS)) or in the IFN-b promoter (positive regulatory domains

Figure 2 T lymphocytes can directly attack a virus infected cell and induce apoptosis through the perforin/granzyme pathway. Alternatively, T lymphocytes
expressing death ligands such as FasL can trigger death receptor mediated apoptosis. In the case of a ligated Fas receptor, the death adapter FADD is directly
recruited to activate caspase-8 (shown as triangles) and trigger the apoptotic cascade. This can involve caspase-8 directly activating executioner caspase-3.
Alternatively, caspase-8 can recruit Bid, which can influence the efflux of cytochrome c to activate the apoptosome comprising Apaf-1 and pro-caspase-9, leading
to cell death. In contrast, ligation of TNFR1, DR-3, 4 or 5 can lead to FADD-mediated cell death through the adapter TRADD. In addition, activation of receptors
such as TNFR1 can also stimulate the NF-kB pathway through the TRAFs and RIP, which may contribute towards cell survival through transcriptional upregulation
of factors such as the TRAFs themselves and possibly the IAPs. Since viruses are potent activators of apoptosis, these organisms have evolved a variety of
strategies to prevent these events. For example, herpesviruses (vFLIPs), poxviruses (CrmA) and insect viruses (p35) encode products to inhibit efficient caspase
activation, while gammaherpesviruses (BHRF1, KSBcl-2) inhibit mitochondrial input into the apoptotic process. DNA viruses such as herpes simplex virus (LANA),
adenovirus (E1B-55K), papillomavirus (E6) and polyomavirus (SV-40; LT) can also inhibit p53-mediated apoptosis. Viruses such as EBV (LMP1) and human T-
lymphotropic virus I (HTLV-1; tax) may also activate the NF-kB pathway to stimulate the expression of cell survival factors
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(PRD)). Activation of the IFN-b gene has been extensively
studied and cellular protein synthesis is not required for this
cytokine's induction. A number of distinct cis-acting DNA
sequences exist within the promoter of IFN-b gene and in
response to dsRNA or certain viruses, several transcription
factors are recruited to this region to form a synergistic
multicomponent transcriptional enhancer complex.62,63 This
enhanceosome consists of ATF2/cJun heterodimers, IRF-1
and 3, HMGI/(Y) the NF-kB heterodimer p50/p65 and CBP/
p300.66 Candidate molecules deemed important in initiating
IFN-b transcription, in response to virus/dsRNA are IRF-3,
JNK2 and NF-kB, although how these are activated by
viruses is not yet fully clear. Following expression and
secretion, IFN-b then stimulates the induction of ISGF3 and
IRF-7 through the Jak/STAT pathway, which in turn
contributes to the transcriptional induction of IFN-a genes.67

In response to viral infection or dsRNA, IRF-3 is
phosphorylated on specific C-terminal serine and threonine
residues causing it to translocate to the nucleus.62,63,65,68

Aside from being involved in the transcription of IFN-b, IRF-
3 also induces the activation of a number of target genes
including the chemokine RANTES. A recent study
demonstrated that expression of constitutively active IRF-
3 was toxic to both Jurkat and human embryonic kidney
293 cells. By developing a system in which the expression
of constitutively active IRF-3 was inducibly controlled it was
established that IRF-3 is a potent mediator of apoptosis.69

Wild-type IRF-3 expression alone was also found to
augment paramyxovirus-induced apoptosis whereas ex-
pression of a truncated dominant-negative form of IRF-3
blocked virus-induced apoptosis. The mechanism of IRF-3
mediated apoptosis also remains to be determined but may
predominantly involve the DISC that comprises caspase-8
since inhibitors of caspase-8 rather than caspase-9 more
effectively inhibited cell death.69 Possibly, IRF-3 may
induce an unknown gene(s) that contributes to apoptosis
via modulation of the DISC and may prove to be an
important modulator of virus mediated apoptosis.

Other members of the IRF family have also been shown
to play a key role in regulating viral replication, apoptosis
and even tumorigenesis.61 IRF-1 and 2 were originally
discovered as transcription factors that following activation
by dsRNA, viruses and other cytokines, could play a role in
the regulation of IFN-b. In addition, IRF-1 (an activator) and
IRF-2 (a repressor) are also involved in the regulation of
other genes such as IFN-a and MHC class I.70,71 Mice
lacking IRF-1 have been shown to be extremely sensitive to
viral infection and are susceptible to developing tumors.
Support that IRF-1 utilized apoptosis to mediated tumor
suppression came from studies using embryonic fibroblasts
lacking IRF-1. For example, expression of oncogenic c-ras
caused normal fibroblasts but not IRF7/7 fibroblasts to
undergo death when combined with inhibitors of cellular
proliferation or when treated by anticancer drugs or UV
irradiation.72,73 Similarly, IRF-1 has been reported to
mediate DNA-damage-induced apoptosis in T lymphocytes
and to regulate cell cycle arrest and apoptosis in primary
hepatocytes in response to IFN-g signaling. Myeloid cells
but not thymocytes derived from ICSBP (IRF-8) deficient
mice also show resistance to apoptosis induced by DNA

damage.74 Collectively, these data indicate that the IRFs
contribute a significant role in the regulation of virus-
mediated, host defense related apoptosis.

Interferon regulation: JAKs and STATs

Signal transduction involving the Jaks and STATs are not
unique to the IFN-signaling pathway and other cytokines
utilize the same or related proteins. However, following IFN-a/
b binding to the type I IFN-receptors, JAK1 and TYK2 are
recruited and undergo tyrosine phosphorylation. This event
leads to the phosphorylation and activation of STAT1 and
STAT2, which form heterodimers and translocate to the
nucleus where in conjunction with p48 they form the
transcription complex ISGF3 which regulates the transcrip-
tion of genes such as PKR and IRF-1 that contain IFN
response elements (ISREs) in their promoters.51 In contrast,
stimulation of the IFN-g receptors recruits JAK1 and JAK2 and
the STAT1 homodimers to activate genes containing a
gamma-activated sequence (GAS) element.51 Deficiency in
JAK1 results in perinatal death and JAK17/7 cells are
unresponsive to many types of cytokines while mice lacking
STAT1 are unable to resolve infections by many viruses such
as VSV.42,44,75 Recently, STAT1 has been shown to act as a
TNFR1-signaling molecule to suppress NF-kB activation.76

STAT-1 may also be required for the expression of ICE
(caspase-1) which was reported to be necessary for IFN-g
induced apoptosis. Possibly, STAT1 can play a role in
efficient caspase expression since low levels of these
apoptotic proteins were observed in STAT1 deficient cells.
Interestingly, transfected STAT1 variants that could not
dimerize retained the ability to restore caspase expression,
suggesting that the apoptotic functions of STAT1 differ from
those functions of the molecule required to induce gene
expression.77,78 Although little is known about the role of the
other members of the JAK/STAT family in the regulation of
apoptosis, the finding that these signaling proteins may be
required for the optimal expression of several pro-apoptotic
genes indicates that they may have multiple roles in the cell. In
this regard, it is interesting to note that in many instances,
viruses appear to cause the constitutive activation of the
STATs, though whether this is an inadvertent effect or
whether viruses utilize their transcriptional properties to
enhance their own replication is not clear. What is more
clear is that many viruses such as Sendai virus and
adenovirus block this pathway to avoid the deleterious
consequences that IFN-induced gene production can have
on their replication.79 ± 82

The dsRNA-dependent protein kinase,
PKR

Biochemical characterization of proteins from IFN-treated
cells led to the identification of a protein kinase that became
phosphorylated when introduced to dsRNA.59 Once acti-
vated, the kinase was found to potently inhibit protein
synthesis in reticulocyte lysates. This kinase, of approxi-
mately 68 kDa in human cells, is now referred to as PKR, for
protein kinase RNA-dependent, and is a serine/threonine
kinase found mainly, although not exclusively, in the
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cytoplasm of most cell types, in a latent form.83 Two dsRNA
binding domains reside in the amino terminus region of the
kinase and interaction with dsRNA modifies the conformation
of PKR permitting it to undergo autophosphorylation on a
number of sites. This event enables PKR to catalyze the
phosphorylation of substrate targets, the most well character-
ized being the translation initiation factor eIF2a, resulting in
the inhibition of protein synthesis in the cell.59 Evidence
indicates, however, that PKR may have a plethora of targets
other than eIF2a. For example, PKR has been shown to be
involved in the regulation of NF-kB perhaps through
interacting with one of the IkB kinases, IKKb.47,49,84 NF-kB
is potently activated by dsRNA and plays a key role in the
induction of IFN-b production. In addition to these roles, PKR
has been reported to function in the tumor suppressor effects
of IRF-1, in the modulation of STAT-1 activity, and perhaps in
growth factor and cytokine regulated signal transduction
pathways.85 ± 89

Attempts to further study the importance of PKR in
interferon-mediated anti-viral function initiated a number of
studies aimed at overexpressing the kinase in mammalian
cells in the absence of other interferon-induced or viral
gene products. However, it rapidly became clear that PKR
exerted a strong growth suppressive and toxic effect on the
host, in the absence of virus infection.90,91 In contrast,
murine fibroblasts expressing a catalytically inactive
dominant-negative PKR variant were readily isolated and
became malignantly transformed.92,93 However, an indica-
tion that PKR could mediate apoptosis came from studies
with recombinant vaccinia viruses expressing wild-type
PKR or a defective PKR variant.94 Viruses expressing the
functional gene but not the PKR variant were found to
cause the rapid apoptosis of HeLa cells. Other data
showed that cells expressing catalytically inactive PKR
variants were less resistant to influenza induced apoptosis,
and that inactivation of PKR with antisense RNA rendered
U937 cells resistant to EMCV induced apoptosis.95 ± 97

Studies on murine fibroblasts lacking PKR also indicated
resistance to TNF-induced apoptosis.98 Collectively, these
data provided powerful evidence that PKR was a pro-
apoptotic gene that could mediate dsRNA and virus
induced programmed cell death.99

One potential mechanism of PKR-mediated apoptosis
could involve the eIF2a pathway and the inhibition of
proteins synthesis. For example, recombinant vaccinia
viruses expressing an eIF2a variant [Ser 51-4Ala] unable
to be phosphorylated by PKR was protected from virus-
induced apoptosis.84 Conversely, transient expression of a
variant of eIF2a, that mimics phosphorylated eIF2a [Ser-
451Asp] was reported to cause apoptosis in COS-1
cells.100 It is plausible that PKR mediated inhibition of
protein synthesis may deplete the cells of short lived
proteins involved in suppressing cell death. However,
treatment of cells with levels of cycloheximide capable of
inhibiting protein synthesis does not necessarily induce
rapid apoptosis unless another apoptotic signal such as
Fas or TNF receptor ligation is performed.56 In contrast,
PKR-mediated apoptosis may work in a manner similar to
the GCN2 paradigm in yeast, where the amount of
unphosphorylated eIF2a governs whether translation of

certain mRNAs will occur at an authentic initiation codon or
at alternative upstream non-coding open reading frames.101

Further clues as to the mechanisms of PKR induced
apoptosis has come from cells that inducibly express PKR.
In these situations, fibroblasts either undergo apoptosis or
are rendered extremely susceptible to treatment with
dsRNA or certain viruses such as influenza virus.55,56

Activation of PKR was also found to correlate with the
expression of the death receptor Fas which appeared to be
able to escape the translational block imposed by PKR.
Further investigations by our own laboratory revealed that
cells lacking FADD but not the mitochondria related Apaf-1
were resistant to dsRNA and PKR-induced apoptosis,
clearly implicating the importance of the FADD/caspase-8
death signaling process in this pathway.55 In addition, HeLa
cells expressing dominant-negative FADD variants appear
resistant to dsRNA-induced cell death and specific
inhibitors of caspase-8 block dsRNA-mediated cell
death.102 Presently, the mechanism of PKR-induced Fas
expression and FADD-mediated death is unclear. Since
PKR has been proposed to play a role in mediating dsRNA-
signaling and in activating the NF-kB pathway, it is
plausible that PKR may induce the transcription of several
death promoting molecules that harbor NF-kB recognition
motifs in their promoters.47 In this regard, Fas and FasL are
known to be induced by NF-kB.103,104 However, NF-kB is
also known to elicit the transcriptional induction of a
number of anti-apoptotic genes, such as the cIAPs. One
model of PKR-mediated cell death could involve the
inhibition of proteins synthesis through eIF2a, and
concomitant activation of NF-kB, a combination known to
induce cell death. A further interesting observation noted in
cells expressing a dominant negative variant of PKR, was
that a number of pro-apoptotic genes such as Fas, FADD,
TRADD, caspase-8 and Bax and Bad were transcriptionally
suppressed.56 The mechanism is again unclear but could
involve a gain-of-function effect in which the PKR variant
interacts with signaling molecules of the transcriptional
regulators of such genes.

Taken together, it is clear that although the exact
mechanisms remain to be elucidated, PKR is able to
effectively regulate apoptosis in response to viral infection.
Moreover, the importance of this kinase in innate immunity
has recently been demonstrated using mice deficient in
PKR. Such PKR7/7 animals were extremely sensitive to
intra nasal infection with VSV and influenza virus and
exhibited defective IFN-signaling in response to both virus
and dsRNA.50 Thus, along with members of the IRF family,
PKR is likely an important mediator of dsRNA and virus-
induced cell death.

The 2',5-oligoadenylate/RNaseL pathway

Important dsRNA activated, IFN-inducible anti-viral proteins
also include thermostable isozymes that use ATP to produce
2'5' oligoadenylates with 5'-terminal triphosphate residues (2-
5A).60 The 2-5A compounds were found to induce the
dimerization and resultant activation of a latent endonu-
clease, RNAse L that is responsible for degrading RNA.60

Both 2-5A and RNase L are IFN inducible and have been
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suggested to function in the antiviral effects of IFN against
encephalomyocarditis virus (EMCV), reovirus and vaccinia
virus.105 The importance of this system in mediating virus-
induced apoptosis, however, is unclear. The 2',5A synthe-
tases, prevalent in most cells, exist in three main forms of
molecular weight, 40, 69 and 100 kDa respectively. In
contrast, there appears to be only one RNaseL gene product
of molecular weight 95 kDa.60,105,106 Inducible overexpres-
sion of human RNaseL in murine fibroblasts has been found
to induce apoptosis, by an as yet uncharacterized mechan-
ism.107 In addition, dominant-negative variants of RNaseL
rendered cells resistant to dsRNA and poliovirus induced
apoptosis. Recombinant vaccinia viruses expressing RNaseL
have also been found to increase the apoptosis of infected
cells, an effect that could be blocked by Bcl-2. Thymocytes
and fibroblasts from mice with a targeted disruption of the
RNaseL gene are reportedly resistant to a variety of apoptotic
stimuli, including FasL, staurosporine and anti-CD3.108

Collectively, it is plausible that following virus infection, the
2',5A/RNaseL system could contribute to apoptosis by
degrading mRNAs for anti-apoptotic proteins or cell survival
factors.

IFN and the induction of death receptor and
ligands:TRAIL

Recent data has reported the induction of the death ligand
TRAIL in both CD4 and CD8 peripheral blood thymocytes
following treatment with type I IFN. Type I IFNs were also
able to significantly increase the cytotoxic activity of anti-
CD3-stimulated thymocytes against carcinomas in a TRAIL-
dependent manner.109 Type II IFNs have also been reported
to induce TRAIL in fibroblasts but not in thymocytes and to
selectively kill virus infected cells.110 At least two receptors
can interact with TRAIL, DR-4 and 5, although it is now
apparent that TRAIL can also bind to two decoy receptors
prevalent in certain cells (DcR1 and DcR2). The regulation
of TRAIL may constitute an important component of IFN-
mediated host defense against both malignant and viral
disease by sensitizing cells to apoptosis.111 Significant
excitement originally surrounded the use of TRAIL as an
antitumor agent since many types of cancer have been
shown to be sensitive to the cytotoxic effects of TRAIL in
vitro and in vivo. However, though original reports indicated
that most normal cells appear resistant to this death ligand,
recent data indicates that TRAIL can potently induce the
apoptosis of primary human hepatocytes.112 Although little
data exists to indicate that type I IFNs induce other
members of the death receptor family, IFN-g has been
reported to induce Fas in glioma, adenocarcinoma and
naõÈve T-cells.113,114

PML, nuclear bodies and viruses

Almost 100% of APL cases are associated with chromosomal
translocations [t(15;17)] involving what is referred to as the
PML gene and the retinoic acid receptor alpha (RARa),
leading to the production of a PML-RAR alpha chimeric
protein.115 PML-RAR alpha chimeras are thought to interfere
with both the PML and retinoid-X-receptor (RXR) pathways,

thus acting as a dominant-negative mutant, the net result of
which involves stabilizing co-repressor-histone acetyl trans-
ferase complexes. Retinoic acid receptors are nuclear
hormone receptors that act as RA-inducible transcriptional
activators while PML belongs to a family of RING finger
proteins and is IFN-inducible.115 PML is typically concentrated
into discrete speckled nuclear structures called nuclear
bodies (NBs) or PML oncogenic domains (PODs). Although
the function of the NBs remain to be clarified, these structures
are known to contain a number of other IFN-inducible genes
such as Sp100 and ISG20 as well as other proteins including
PIC1/SUMO, CBP, Rb1 and even pro-apoptotic Bax.116

Significantly, the IFNs are able to increase the size of the
NBs in cells. Upon RA treatment PML-RARa chimeras re-
acquired their natural localization and kill APL cells. It is also
noteworthy that PML has also been proposed to control MHC
expression and confer resistance to viral infection.117 NB's
are frequently targeted by DNA viruses such as herpesviruses
and adenovirus, perhaps to disrupt their function.118 Certainly,
overexpression of PML in rat or mouse fibroblasts induces
rapid cell death and correlates with NB formation.119 Ablation
of the PML gene by gene targeting also revealed that PML is
essential for the tumor suppressive activity of retinoic acid and
is required for the efficient induction of apoptosis induced not
only by IFN but also by Fas and TNFa.120 Such data indicate
that NBs and their proteins may constitute important
components of IFN anti-proliferative and anti-viral action in
the cell.

Cellular host defense, p53 and viral
counteractions

The IFNs are not the only cellular host defense proteins that
can influence apoptosis to prevent viral propagation. For
example, the tumor suppressor protein p53 is a transcriptional
regulator that can also induce apoptosis in response to virus
infection, as well as in response to many other stimuli such as
DNA damage or unscheduled DNA synthesis.121 The
mechanisms of p53-mediated apoptosis remain to be
determined but stabilization and post-translational modifica-
tions of p53, involving phosphorylation and acetylation, can
trigger p53 mediated cell death.121 p53 target genes involved
in apoptosis include Bax, Fas, perhaps TRAIL receptors and
even NF-kB.23,122 ± 124 Since the induction of apoptosis early
after infection would severely limit virus production and
reduce or even eliminate the spread of progeny virus in the
host, most animal viruses have evolved strategies to evade or
delay early apoptosis in an attempt to allow production of high
yields of progeny virus. This includes the suppression of IFN
action, as is discussed briefly below. Examples include DNA
viruses such as human adenovirus and human papilloma-
viruses (HPV) which need to induce DNA synthesis in
quiescent host cells, in order to facilitate their replication.82

In the case of adenovirus, the early region 1A (E1A) product
and the E7 product of HPV are largely responsible for this
action and consequently inducing p53-mediated apoptosis.
As a result, these viruses have also devised strategies for
dealing with p53. For example, the early region 1B (E1B)
55 kDa protein (E1B-55K) of ADV inhibits p53, while HPV E6
and SV40 t-antigen performs a similar task.36,125 Recently,
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HHV8 has also been found to encode a p53 inhibitor referred
to as LANA.126

In addition, viruses are also known to encode products
that directly block the apoptotic signaling cascade. For
example adenovirus also encodes E1B-19K, a product
functionally analogous to Bcl-2 that can influence mitochon-
drial induced cell death as well as apoptosis mediated
through Fas and TNFR-1.82 Other viruses that encode
products to prevent caspase activation include cowpox
virus crmA and insect baculovirus encoded p35. EBV
encodes a Bcl-2 homologue, BHRF1 as well as LMP1,
which may induce expression of endogenous Bcl-2 and NF-
kB.36,125 Finally, viral homologues of inhibitors of apoptosis
referred to as Flips have similarly been reported.127,128

Viral inhibition of IFN function

Presumably, since the IFNs are also able to influence cell
death, many of the genes encoded by viruses that may block
apoptosis could most probably affect IFN-mediated antiviral
action. For example, recent data from our laboratory indicates
that crmA potently inhibits IFN-induced apoptosis as well as
apoptosis induced by dsRNA.102 In addition, the IFN system is
also known to be suppressed by many viruses. The induction
of IFN itself may be inhibited by preventing the function of the
IRF family or PKR. In one example, IRF-3 is known to be
inhibited by papilloma virus E7 and HHV-8 is known to encode
several versions of the IRFs, which interfere with normal IRF
function.62,129

Numerous reports have also emerged over the years to
indicate that PKR is a favorite target of viruses.130,131

Indeed, viruses have independently developed many
strategies to inhibit PKR. These include synthesizing
proteins that sequester dsRNA activators, as in the case
of vaccinia virus E3L and reovirus sigma 3 (s3) as well as
producing proteins that impede PKRs ability to bind to
target substrates, such as in the case of vaccinia virus
encoded K3L.130,131 Adenovirus has devised a different
way of inhibiting PKR, namely by producing RNA, VAI,
which is a highly structured inhibitor which competes with
dsRNA activators to bind to PKR, but fails to cause PKR
autophosphorylation. In addition to these viruses, inhibitors
of PKR have been reported from studies using influenza
virus, HIV-1, hepatitis C virus and poliovirus, amongst
others. Should IFN be produced, then viruses such as
vaccinia virus are known to encode decoy IFN receptors to
interfere with IFN-signaling while adenovirus E1, and
Sendai virus viruses target the Jak/STAT path-
way.79,82,132 Finally, many IFN-inducible genes them-
selves, such as the MHC molecules are controlled by
viruses such as cytomegalovirus (CMV) following infection
of the cell.133

It is not yet clear whether certain viruses, especially non-
enveloped, non-lytic viruses, such as ADV require
apoptosis to facilitate dissemination of progeny virions. In
the case of the Sindbis virus, cellular overexpression of Bcl-
2 allowed the virus to establish a persistent infection rather
than enter a lytic phase.134,135 A number of in vitro studies,
however, indicate that in many cases, lytic viral replication
is not affected by regulating apoptosis. Nevertheless, virus

induced apoptosis may also have a role in the development
of diseases, for example AIDS which correlates with the
depletion of CD4+T cells due to the replication of HIV-I.136

In part, HIV-1 induced apoptosis may again involve the
FADD/caspase-8 pathway.137,138 For example, the HIV-1
transcription factor Tat product has been reported to play a
role in stimulating FasL expression.137 Speculatively, these
data infer that some viruses may carefully control both the
suppression and induction of apoptosis to manipulate the
lytic to latency switch and thus optimize their replication
and dissemination.

IFN-mediated apoptosis in the treatment of
viral and malignant disease

While the mechanisms of IFN-mediated apoptosis remain to
be fully elucidated, it is clearly apparent that these cytokines
do have beneficial effect as a therapy against many types of
malignant and viral disease. Both type I and II IFN, is able to
effectively induce apoptosis in a number of documented
malignancies including herpesvirus-associated lymphomas,
APL, non-small-cell lung cancer, non-melanoma skin cancer
and glioma.139 ± 142 In addition, IFN has potent effects against
hepatitis C virus, currently the major etiological cause of
hepatocellular carcinoma, and a viral infection, which effects
140 million people worldwide. The mechanisms of IFNs
actions against HCV (as well as HCV-mediated suppression
of IFN action) also remain to be elucidated.52 However, IFN's
effects against lymphoproliferative diseases are better
characterized. These malignancies are associated with
gammaherpesvirus infection. Such viruses, which include
EBV and HHV-8 are predominantly detected in non-Hodgkin's
lymphomas (NHL), malignancies which frequency occur in
immunosuppressed organ transplant patients, children with
hereditary immunodeficiencies and acquired immunodefi-
ciency (AIDS) patients.143 EBV-positive lymphomas and
HHV-8 positive primary effusion lymphomas (PEL) which
occur in the setting of severe immunodeficiency of advanced
HIV infection, as well as HTLV-1 mediated ATL, have been
found to be susceptible to apoptosis mediated by combina-
tions of IFN and the nucleoside analogue AZT.142,144,145

Recent data has further indicated that HHV8 positive PEL
cells express high levels of TRAIL in response to IFN
treatment. Despite the induction of TRAIL, however,
apoptosis was only potentiated when IFN was combined
with AZT. The mechanism of apoptosis likely involved
activation of the FADD/caspase-8 pathway since the
apoptotic effect was inhibited by dominant-negative FADD
and specific inhibitors of TRAIL signaling.146 Tumor cells
derived from patients resistant to IFN and AZT treatment were
found to exhibit high level expression of Bcl-2 or to be
defective in TRAIL expression.142 It is possible that the effects
of IFN are impeded through EBV encoding inhibitors of
apoptosis such as LMP-1 and BHRF1.24,147 In contrast, the
increased sensitivities of HHV-8 positive PELs to AZT may be
due to the presence of a viral thymidine kinase which may
phosphorylate AZT and enhance the apoptotic effect
mediated through DISCs. Presumably, the combined effects
of IFN and AZT override mechanisms devised by HHV-8 to
subvert host defense which may include vIRFs and KSBcl-
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2.36 Whether these combination therapies work against other
forms of viral and malignant disease remains to be seen.

Viruses as oncolytic, apoptosis-inducing
agents

Another strategy of killing tumors or infected cells actually uses
viruses either to kill cells by introducing suicide genes into the
malignant population or by stimulating host defense mechan-
isms governing the regulation of apoptosis/cytolysis as a result
of high level virus replication. Examples of `suicide gene'
strategies include the herpes simplex virus thymidine kinase
(HSVtk)/gancyclovir system.148 However, viruses, usually
retroviruses or adenovirus, have also been developed that
can introduce cytokines that stimulate the adaptive immune
response, and that may also stimulate apoptosis as described
earlier. It is thought that HSVtk phosphorylates the nontoxic
drug, GCV, causing chain termination and single-stranded
breaks upon incorporation into DNA, inducing apoptosis.
Interestingly, HSVtk/GCV treatment was found to induce p53
accumulation and the increased expression of Fas, TNFR1,
leading to FasL-independent, Fas receptor oligermirization-
mediated death.149 Such cells were also strongly sensitized to
FasL and TRAIL mediated cell death and was found to be
mediated through FADD. This effect is similar to the
mechanisms of cell death induced by IFN and AZT and one
plausible mechanism to explain the death of PEL cells by IFN
and AZT could involve HHV-8tk activating AZT to induce DNA
damage and modulate DISC associated cell-death.149

Finally, although tumors are likely defective in a number
of key host defense pathways, a number of reports have
indicated that viruses can be used to directly induce the
cytolysis of malignant cells in vivo and may be useful as a
treatment against cancer.148 Recently, we and others
showed that VSV could not replicate efficiently in cells
unless PKR or the IFN-pathway was defective.150,151 If
these key host defense pathways were impaired then VSV
was found to rapidly replicate to high levels and induce the
apoptosis of the host cell. Of interest is that it is well
documented that VSV replicates extremely efficiently in
numerous types of tissue cultured cell-lines, possibly
inferring that host defense mechanisms involving the IFNs
in these cells are down regulated.50 Our data further
indicated that VSV could induce apoptosis very effectively
in many tumorigenic cells, in vitro, including those cells
defective in p53, myc and ras or overexpressing Bcl-
2.151,156 Importantly, VSV could also induce apoptosis of
xenografted tumors in vivo, greatly reducing the growth of
the tumor mass.156 Other virus related therapies being
used to kill tumor cells include adenovirus, which replicates
in cells defective in p53 and reovirus, which similarly
replicates in cells harboring suppressed PKR.152,153

Summary

Although unraveling the mechanisms of cellular defense and
apoptosis has proven to be a complex task, it has become
clear that the IFNs are critical for coordinating the adaptive
immune response and ultimately for effectively protecting the
host. In addition, aside from playing a role in shaping T-cell

responses, numerous studies have now implicated that a
variety of IFN regulated genes, such as members of the IRF
family, PKR, TRAIL, PML utilize apoptosis to exert some of
their antiviral and tumor suppressor function. Although many
studies have indicated that the IFNs are positive mediators of
cell death, however, there are instances where both type I and
type II IFNs may actually prevent apoptosis. For example,
IFN-a/b has been shown to act as survival factors for activated
T cells which may prevent such cells from undergoing cell
death during infections.154 In addition, type II IFN has been
shown to prevent macrophages from undergoing apoptosis by
blocking the cell cycle via the induction of p21waf1.155

Therefore, through the induction of their many genes, it is
likely that the IFNs can exert multiple effects in the cell and
can concomitantly elicit a protective antiviral, antiproliferative
or even antiapoptotic state as well as prime cells for
apoptosis. The balance between life and death presumably
depends on possible co-stimuli, such as type of virus or drug,
cytokine, as well as type of cell or tissue and even perhaps the
nature of the malignant disease. Comprehending the
mechanisms of IFN-mediated action, including role in
regulating apoptosis, however, should greatly facilitate our
knowledge of viral pathogenesis as well as potentially
generate new strategies for the treatment of viral and
malignant disease.
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