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1. ABSTRACT

Signaling cascades that regulate proliferation,
differentiation and apoptosis determine cell life and death
decisions. All are targets of virus modulation.  These
cascades are briefly described in this review, underscoring
cross talk and the integration of distinct signals that
contribute to central nervous system (CNS) disease.

2. INTRODUCTION

Cell life and death decisions are determined by
signaling cascades that regulate proliferation,
differentiation and programmed cell death (apoptosis).  In
order to insure their survival, viruses use various strategies
to commandeer these processes.  This article is a brief
summary of present understanding of apoptotic and
signaling cascades.  It underscores apoptosis regulation,
cross talk and integration of different signals and their role
in neuronal pathogenesis.

3. APOPTOSIS, SIGNALING AND DISEASE
PATHOGENESIS

3.1. Apoptosis
Apoptotic pathways and their regulation in

neurological disorders were previously reviewed (1,2).
Apoptosis is a tightly regulated, irreversible process that
results in cell death in the absence of inflammation. It
differs from necrosis, an established mechanism of virus-
induced cell death, in that it involves active cell
participation. As schematically represented in Figure 1,
apoptotic stimuli induce mitochondrial release of
Cytochrome c (Cyt c), apoptosis-inducing factor (AIF) and
Smac/Diablo.  Cyt c and AIF are involved in the activation
of the caspases, which are cysteine proteases with aspartate

specificity. Caspases are categorized into two major
groups: initiators, which include caspases -8, -9, -10, and
executioners, which include caspases -3, -6, and -7.
Executioner caspases, exemplified by caspase-3, are
activated by proteolytic cleavage of precursor zymogens.
They are responsible for the morphological and
biochemical changes associated with apoptosis, including
cleavage of proteins involved in DNA repair and
replication, such as poly (ADP-ribose) polymerase (PARP).
The intracellular apoptotic pathway is activated by loss of
neurotrophic factors [e.g. nerve growth factor (NGF)],
excitotoxic injury or virus infection. It initiates with Cyt c
release from the mitochondria and its complexation with
Apaf-1 and procaspase-9, leading to caspase-9 activation.
However, a recent study indicates that apoptosome
formation is not required for caspase-9 activation (3).  The
extra cellular apoptotic pathway is initiated by binding of
the ligands Fas or Tumor Necrosis Factor (TNF)-alpha to
their respective receptors. These receptors contain
cytoplasmic domains that anchor adaptor proteins, which
are involved in the recruitment and activation of caspases-8
or -10. Activated initiator caspases, in turn, activate the
executioner caspases (4).  Apoptosis often results from
interference with the strict regulation of these pathways.

Stimuli implicated in apoptosis include oxidative
stress, genetic defects, accumulated burden of endogenous
or exogenous factors, loss of neurotrophic support,
excessive release of neurotransmitters known as
excitotoxins, or virus infection. When inappropriate in
timing or extent, apoptosis can trigger or account for
progression of neurodegeneration in acute and chronic
diseases. Excessive amounts of glutamate, or glutamate
function for prolonged intervals, trigger neuronal cell death
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Figure 1.  Schematic representation of the apoptotic cascade.  Apoptosis can be triggered by a variety of stimuli including death
receptors on the cell surface (extracellular pathway) and intracellular signals.  It is regulated by the interplay of  pro- and anti-
apoptotic members of the Bcl-2 family.  Pro-apoptotic members include Bax, Bad, Bid, Bim and Bik.  They contain an alpha-
helical BH3 death domain that binds anti-apoptotic family members Bcl-2 and BclXL forming heterodimers that block their
survival activity. The pro-apoptotic Bcl-2 proteins decrease the mitochondrial transmembrane potential causing cytochrome c
release.  In the cytoplasm and in the presence of dATP, cytochrome c complexes with and activates Apaf-1, that in turn, binds
and processes the initiator caspases (viz. procaspase 9) into a proteolytically active form.  This begins the caspase cascade, which
culminates in the activation of the executioner caspases (viz. caspase 3) and apoptosis.  The relative abundance of pro- and anti-
apoptotic Bcl-2 family members determines the susceptibility of the cell to apoptosis. IAP family members regulate apoptosis
downstream of the executioner caspases.

by over stimulating cognate receptors (4). Excitotoxicity is
involved in the pathogenesis of ischemic brain injury,
epilepsy and neurodegenerative diseases. Cerebral ischemia
was associated with activation of caspases-1, -3, -8, -9 and
-11 and the release of Cyt c.  Ischemic release of glutamate,
IL-1beta, TNF-alpha or reactive oxygen species (ROS), can
affect surrounding neurons, a bystander cell-death that is
associated with activation of caspase-1 (1).

3.2.   Signaling cascades
Stress-activated kinases are also implicated in

neuronal apoptosis, and they include the c-Jun N-terminal

kinase (JNK) (Figure 2) and p38 MAPK (Figure 3)
cascades. These pathways initiate with MAP kinase kinase
kinases apoptosis signal-regulating kinase 1 (Ask-1),
mitogen-activated protein kinase/ERK kinase kinase 1
(MEKK1), and TGF-beta activated kinase 1 (TAK1). These
in turn activate MKK4 and/or MMK7 to mediate JNK
activation, and MKK3/6 to mediate p38MAPK activation.
Rac1, RhoA, and Cdc42 GTPases also modulate JNK
activity.  The pathways culminate in the activation of
transcription factors.  JNK induced apoptosis is generally
transcription-dependent, involving c-Jun as a target.  In
PC12 cells, JNK3 can trigger apoptosis or increase NGF-
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Figure 2.   Schematic representation of the JNK pathway.  JNKs respond to stress signals including heat shock, osmotic stress
and pro-inflammatory cytokines. They are also activated by growth factors and virus infection. Activation is by dual
phosphorylation (at Thr-Pro-Tyr motif) by MAPK kinase 4 (MKK4) and MKK7. Upstream of the MKKs are their MAPKKKs,
which include MEKKs 1-4, a member of the mixed-lineage kinases (MLK3) and ASK-1. In turn, these are activated by GTP-
binding proteins of the Rho family. Activated JNKs dimerize and translocate to the nucleus where they activate (phosphorylate)
transcription factors including c-Jun, ATF-2, Elk-1 and p53.  Activation of the JNK signaling cascade generally results in
apoptosis and is involved in inflammation.

induced neurite outgrowth (differentiation) concomitant
with target switch from ATF-2 in the apoptotic context, to
c-Jun in the differentiation context (6). The cell type,
stimulus, and differentiation state affect the way in which
cells die and their vulnerability to death inducing signals
(7).   Cross talk is underscored by the identification of
novel regulators, which connect these pathways to the
receptor kinases that regulate cell growth and
differentiation via Ras-MAPK pathways.  For example, Sef
is a recently identified negative regulator of fibroblast
growth factor (FGF) signaling that inhibits ERK activation
and cell proliferation as well as PC12 cell differentiation.
When overexpressed, Sef   binds TAK1 and activates JNK
through a TAK1-MKK4-JNK pathway causing apoptosis, a
function distinct from its inhibitory effect on FGF receptor
signaling and ERK activation (8).

Neuronal survival is stimulated by trophic factors, which
function through specific receptors. The extracellular
signal-related kinase (ERKs) and phosphoinositide 3-kinase
(PI3-K) pathways (Figure 4) serve as a conduit for
signaling from various receptors, including receptors for
neurotrophic factors (e.g. NGF), glutamate or other
neurotransmitters.  These pathways are generally involved
in neuronal cell proliferation, differentiation, development,
cell cycle, and transmission of survival and mitogenic
signals (9). They are linked to G protein-linked cell surface
receptors and receptor kinases, including neurotransmitters.
They operate through sequential phosphorylation events to
activate (phosphorylate) transcription factors, such as c-Fos
and the calcium/cAMP response elements binding protein
(CREB), and regulate downstream signaling proteins. In
response to survival stimuli, the membrane bound G
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Figure 3.   Schematic representation of the p38MAPK pathway.  p38 MAPKs undergo dual phosphorylation at the Thr-Gly-Tyr
motif and are generally activated by environmental stress, including heat, osmotic and oxidative shock.  They are also activated
by inflammatory cytokines and virus infection. The upstream kinases acting on p38MAPK include MKKs 3/6, which are in turn
activated by MEKKs, MLKs and ASK1. Transcription factors affected by the p38 family include Stat1, Elk-1 ATF-2 and CHOP.

protein Ras adopts an active, GTP-bound state and it, in
turn, coordinates the activation of a multitude of
downstream effectors. The MEK/ERK survival pathway
begins with the activation of c-Raf-1 kinase. It is followed
by the activation of MAP kinase kinase (MEK) and ERK
and culminates in the activation of transcription factors.
The PI3-K pathway functions via Akt. The signaling
pathway that is activated as a result of survival signals is
determined, at least in part, by the specific phosphorylation
site on the receptor (10). Different patterns of activation of
NMDA-type glutamate receptors can trigger long-term
potentiation (LTP) or long-term depression (LTD) of
synaptic strength. Long lasting forms of synaptic plasticity
are pathways for encoding memories in the brain (11). The
convergence of distinct pathways on final effectors may
cause signal amplification and provides a fail-safe
mechanism in case one pathway becomes non-functional.

3.3.  Apoptosis and neurodegegeneration
Virus-induced neuronal cell death results from a

multiplicity of virus-host cell interactions with distinct
pathogenesis outcomes, and can be necrotic, apoptotic or
both.  Apoptosis is a major component of HSV-1 induced
encephalitis in humans (12). It is also the predominant form
of cell death in chronic neurodegenerative diseases. In
some cases it is associated with genetic mutations that
activate the caspase cascade. One example is amyotrophic
lateral sclerosis (ALS), which is characterized by the
progressive loss of motor neurons in the brain, brain stem
and spinal cord and is associated with mutations in the gene
encoding the free radical scavenging enzyme Cu, Zn
superoxide dismutase 1 (SOD1) in 3-4% of ALS cases.
The pro-apoptotic activity of the mutant SOD1 is
presumably due to an unstable conformation that leads to
increased levels of intracellular free radicals. It was
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Figure 4.   Schematic representation of the ERK and PI3-K pathways.  A major grouping of the mitogen-activated protein kinase
(MAP kinase) pathways activated by stimuli, such as growth factors (viz. NGF) and virus infection. Signals are transduced via
small G proteins such as Ras or Rap-1, to multiple tiers of protein kinases that amplify them and/or regulate each other. In the
canonical pathway the cascade originates with receptor occupation and dimerization resulting in its activation by tyrosine or
serine-threonine phosphorylation.  This leads to the activation of Ras, which in turn, activates Raf. Raf activates the Map kinase
kinases MEK1/2 and these kinases activate downstream Map kinases ERK1/2. Activated ERK1/2 activate (by phosphorylation)
kinases such as p90 RSK, which in turn activate transcription factors such as c-Fos and CREB.  Activated ERK1/2 also
translocate to the nucleus where they activate transcription factors such as ELK-1 and Stat3.  Ras is also involved in the
activation of the PI3-K/Akt pathways.  The activated ERK pathway can override apoptosis.

associated with activation of caspases-1 -3 and -9, Cyt c
release and pro-apoptotic changes in the Bcl-2 protein
family (13). Overall, available data underscore the
functional versatility of the apoptosis-related molecules in
physiological and pathological conditions, stress the
complexity and specificity of their cross-talk, and caution
against facile conclusions relating to therapeutic
interventions.

4. DISTINCT GENE FAMILIES REGULATE
APOPTOSIS

4.1.  Bcl-2 and IAP families
Distinct gene families regulate apoptosis. The Bcl-

2 proteins that also function in neurologic disorders consist

of anti-apoptotic (e.g. Bcl-2) and pro-apoptotic (e.g. Bax)
members that are differentially mobilized by various
stimuli (Figure 1).  Pro- and anti-apoptotic proteins
heterodimerize and the balance between the two classes
determines, at least in part, the susceptibility to apoptosis
(14). The pro-apoptotic function of some of these proteins
is inactivated by phosphorylation, while that of other
members is activated by cleavage or mitochondrial
translocation (8). Another class of cell death inhibitors, the
inhibitor of apoptosis proteins (IAPs), can bind and inhibit
activated caspases-3 and -7, and one member, XIAP, can
also associate with Cyt c and inhibit caspase-9.
Smac/Diablo, which is also released from mitochondria
upon apoptotic stress, can neutralize the function of the
IAPs (Figure 1). Smac/Diablo may also potentiate the
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caspase cascade by displacing XIAP from mature caspase-9
(4), underscoring the strict cross-regulation of the apoptotic
pathways by various ‘check and balance’ mechanisms.
However, an alternative mechanism for apoptosis inhibition
by XIAP was also described, and it depends on the
selective activation of TAK1-dependent JNK1 (15).

4.2. Survival pathways
The ERK survival pathway (Figure 4) overrides

the effects of apoptotic signals, apparently by upregulating
anti-apoptotic Bcl-2 proteins through transcription-
dependent and independent mechanisms. One such
transcription factor is CREB.  It binds to the cAMP
response element (CRE) and activates gene transcription in
response to a wide variety of extracellular signals, growth
factors, hormones and neurotransmitters. Transcriptional
activation of CREB is controlled through phosphorylation
at Ser133   by the ERK1/2 mediated activation of the pp90
ribosome S6 kinase (Rsk). Other transcription factors that
are targets of the ERK pathway include c-Fos, which is also
regulated by Rsk and was implicated in cell growth,
differentiation and development, and Elk-1, which induces
gene transcription in response to serum and growth factors
(16). Transcription-independent survival mechanisms
mediated by activated ERK involve Rsk-2 (one of the three
Rsk isotypes), which phosphorylates (and thereby
inactivates) the pro-apoptotic protein Bad. In addition to
mediating neuronal survival, activated ERK also increases
axonal growth, enhances axonal regeneration after axotomy
(17), and plays an important role in synaptic plasticity,
learning and memory  (18).  Cell surface receptors can also
activate PI3-K, which in turn, activates Akt (19). ERK/Rsk-
2 and PI3-K/Akt converge at the level of Bad inactivation
to promote cell survival. Ras activation by the NGF
receptor TrkA is independent of PI3-K, but PI3-K is
required for the activation of Rap-1 (Figure 4), and both
pathways converge on MEK  (20).

4.3. Heat shock proteins
Heat shock proteins (Hsp) are rapidly emerging as

a major and versatile apoptosis regulatory family.  Most Hsp
have anti-apoptotic activity and are overexpressed in tumor
tissues, where they contribute to tumor progression and
resistance to chemotherapy. Hsp70 proteins prevent Cyt c
release from mitochondria, inhibit the JNK and p38MAPK
signaling cascades and function downstream of caspase-3.
They also bind and sequester activated caspases, Apaf-1 and
AIF.  Hsp90 is required for the maintenance of the c-Raf-1
function, and Hsp27 sequesters Cyt c (21).  However, Hsp27
had only a minimal level of neuroprotection, with loss of
CA3 hippocampal neurons reduced from 38% in wild type
animals to 17% in Hsp27 transgenics (22).  This may reflect
the relative importance of other Hsp families in
neuroprotection, or the contribution of necrotic cell death in
ischemic injury.

An interesting question is whether Hsp modulate
apoptosis strictly based on their chaperone activity.  Hsp70,
for example, complexes with nascent or damaged proteins
and chaperones them for refolding and function resumption,
or for degradation by the proteosome complex.  Its co-
chaperone Bag-1 plays a crucial role in the decision whether

client proteins will be refolded for resumed function or
targeted to the proteosome for degradation (23). In this
context, it is significant to point out that Bag-1 is expressed
as distinct isoforms that arise from a common transcript
through alternative in-frame translational start sites.  One of
these, Bag-1M inhibits the refolding reaction of Hsp70,
while the other, Bag-1S displays stimulating activity (24).
Both isoforms could have anti-apoptotic activity, depending
on the function of the Hsp70 client protein.  For example,
refolding and resumed function of a pro-apoptotic client will
favor apoptosis while its proteosomal degradation will favor
cell survival. Bag-1 also functions independently of Hsp70,
in that it activates the Raf-1 kinase and stabilizes Bcl-2 (25).
The ability of Hsp to regulate apoptosis does not always
depend on chaperone activity. Hsp70 inhibits JNK and AIF
independent of ATPase (chaperone) activity (26) and H11,
the first Hsp reported to have pro-apoptotic activity,
activates the caspase and p38MAPK pathways, likely
involving protein-protein interaction. After single site
mutation at residue 51 (H11-W51C), H11 acquires anti-
apoptotic activity involving activation of the MEK/ERK
pathway (27).

5.  CROSS-TALK AND THE INTEGRATION OF
DISTINCT SIGNALS

How do pathways common to many systems
integrate signals from a wide spectrum of activities? In
other words, how does a set of similar components control
completely different biological responses?  The answer
appears to lie in the distinct assembly of the pathway
components in different cell types.  Distinct assembly is
likely to alter the duration and intensity of signaling, for
example through ERK, thereby dictating its subcellular
compartmentalization and/or trafficking. In turn, this
dictates whether ERK-expressing cells enter apoptosis,
survival or differentiation.  In humans, the epidermal
growth factor receptor (EGFR) and the fibroblast growth
factor receptor are receptor tyrosine kinases that control
cell proliferation and death and are implicated in common
diseases.  They both signal through the ERK pathway, but
the components are differently wired together apparently
changing the amplitude, duration, and localization of the
signals. The dual specificity phosphatases, MKPs, might be
the link between the kinetics of ERK activation and its
subcellular localization (28). Thus, ERK stimulation by
NGF is both rapid and sustained. Sustained activation
depends on signaling through the Rap1/B-Raf module
(Figure 4) while the Ras/c-Raf-1 module accounts for the
immediate response (29).  Translational control by ERK
signaling was also implicated in long-term synaptic
plasticity and memory (30). However, chronic ERK
activation was implicated in neurodegeneration (28) and
ERK was associated with caspase-independent neuronal
injury after ER stress (31).

Enzymatic activation may not be sufficient for
the successful propagation of a signal. Recent studies
described scaffold-like molecules that tether components of
a specific cascade into oligomeric protein complexes and
increase their local concentration or exclude illegitimate
cross-interaction.  One such molecule is the scaffold
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protein Raf kinase inhibitor protein (RKIP), which inhibits
the ERK pathway (32).  MEK partner 1 (MP1) is another
scaffold protein, and it enhances the activation of ERK-1,
but not ERK-2 (33), suggesting that it helps to discriminate
between the two ERK isoforms that may be functionally
distinct.  Indeed, distinct functions were described for the
JNK isotypes. Recent studies in murine disease models
indicated that JNK1/2, which are widely expressed, have
different functions.  JNK1 regulates insulin resistance and
obesity, while JNK2 is required for collagen-induced
arthritis and arthero-sclerotic plaque formation (34). The
overall conclusion is that under various cellular milieus,
ERK, for example, may activate different transcription
factors or promote cell survival or growth arrest by a
transcription-independent mechanism. Negative regulatory
signals, such as those provided by protein phosphatases,
receptor endocytosis, and proteosomal degradation, provide
an additional layer of control that is promoted by cross talk
between distinct pathways and is subject to feedback
regulation.  Mitogenic and pro-apoptotic signaling cascades
are often linked, in order to prevent unwanted cell
proliferation. In the CNS, the neuron type (cortical, striatal
or hippocampal) and its state of differentiation may also
contribute to the outcome of ERK activation. Apoptosis,
differentiation, survival and proliferation result from the
balance of various signaling modules and their targets. In
turn, these depend on the combination of neurotrophins and
receptors as well as other first messengers available in a
specific cellular milieu.

The recent recognition that Hsp are involved in
immune responses underscores the cross-talk between
various signaling cascades and immune pathways, and is
particularly relevant to disease pathogenesis. As part of the
putative presentasome, an organized region in which
proteins are degraded and peptides are loaded onto the
major histocompatibility complex (MHC) class I for
presentation to T cells, Hsp bind to antigenic peptides (such
as viral antigens) and facilitate their presentation to T cells
(35). Antigen presenting cells (APC) can also pick up
extracellular Hsp-peptide complexes through the CD91
receptor, resulting in peptide presentation on MHC class I
and class II molecules, a process known as cross-
presentation (35).  Hsp can also stimulate innate immunity.
Hsp70 induces APC to release inflammatory cytokines
such as TNF-alpha, interleukin (IL)-1beta, and IL-6
through its interaction with the CD14/toll-like receptor
(TLR) complex and promotes dendritic cell maturation.
Interestingly, Hsp70 ATPase activity is not required for
induction of inflammatory cytokines (36). By virtue of their
ability to influence cell life and death decisions both
intracellularly and in the context of the immune response,
Hsp are a logical target for virus modulation.

This is particularly relevant within the context of
CNS infection, because it is becoming increasingly evident
that the outcome of virus infection in the brain is
complicated by the contribution of glial cells (astrocytes,
oligodendrocytes and microglia). IL-6, TGF-beta and TNF-
alpha produced by microglial cells, are involved in
excitotoxic neuronal damage (37), and it is still not entirely
clear whether microglia protect or harm neurons, or

whether TNF-alpha is beneficial or toxic (38,39).  Hsp70
also sensitizes cells to certain apoptotic stimuli like TNF-
alpha (40).  The cross talk between signaling and immune
cascades modulated by virus infection is further
underscored by recent findings that Hsp60 activates innate
immunity involving the ubiquinated TRAF6 protein, a
signal transducer that activates JNK in response to stress
and inflammatory signals (41,42).  The obvious challenge
for the future is to decipher how signals vary in the context
of site and time, and how the resulting minor differences in
connectivity produce robust changes that affect disease
pathogenesis.  Viruses can target all these components
differentially, determined by the site of infection, the route
of virus spread in the infected organism, and the
modulation of the immune response. Elucidating these
interactions is essential in order to manipulate them
towards an ultimate beneficial (therapeutic) goal.

6. VIRUSES REGULATE SIGNALING AND
APOPTOTIC CASCADES

Viruses use various strategies to hijack the cells
forcing them to become virus-producing factories. A basic
mechanism used by the infected cell to escape virus control
is to undergo apoptosis, thereby limiting virus replication
and the infection of bystander neighboring cells. To
counteract apoptosis, viruses have developed various
strategies that modulate regulatory gene families.  They
include upregulation of various family members, increasing
their activity, or encoding homologues of regulatory
proteins. Indeed, the balance between cell survival and
apoptosis often determines the relative success of virus
replication. Modulation of the appropriate signaling
cascades favors virus replication and survival and plays a
pivotal role in the pathogenesis of virus infections. It,
therefore, defines novel targets for therapeutic
interventions. CNS pathogenicity probably relates to more
than one mechanism and may include cytopathic effects,
induction of cytokines, effects on immune function
(immune suppressive), and effects on other viruses (e.g.
transactivation). However, a common thread in virus-
induced pathogenesis of the CNS is neuronal cell apoptosis.
Based on present knowledge this may be due to virus
replication or as a consequence of an immune reaction
triggered by antigen expression.

The articles in this miniseries focus on some of
the strategies viruses use to commandeer processes that
define cell life and death decisions. They emphasize
neurons and the impact of virus-induced modulation of
signaling and apoptotic cascades on the pathogenesis of
virus infection of the CNS. In her article “Virus Signaling
and Apoptosis in Central Nervous System Infection”,
Perkins reviews the strategies used by human pathogens to
cause acute disease (encephalitis) or those implicated in
neurodegenerative diseases. One strategy that is of
increased recent interest is immune evasion, which often
results from a balance shift that favors apoptosis through
activation of death receptor pathways, such as TNF (Figure
1).  Viruses achieve this goal by various mechanisms.  One
mechanism is to encode homologues of the cellular anti-
apoptotic proteins that interfere with the death receptor
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apoptotic cascade. Poxviruses encode several genes that are
homologues of the TNF receptor and compete with the
cellular receptor for TNF (43). Human herpes virus type 8
(HHV-8) encodes a FLIP homologue, which interacts with
FADD, and procaspase-8, blocking the latter’s activation
and subsequent apoptosis (44).  Another approach is to
encode homologues of signaling proteins that are unrelated
to the immune system and/or proteins that regulate
apoptosis. For example, baculovirus encodes p35, a
homologue of the caspase inhibitor IAP (45) and
adenovirus and HHV-8 encode Bcl-2 homologues (46).
Viruses also use various strategies to activate the ERK
survival pathway, which overrides apoptosis.  Vaccinia
virus encodes a protein that mimics epidermal growth
factor (EGF) in terms of its ability to stimulate cognate
receptors (47). ERK is incorporated into HIV virions and is
required for the translocation of the reverse transcriptase
complex to the nucleus (48).  SV40 small T antigen binds
protein phosphatase 2A, thereby preventing it from
dephosphorylating MEK and MAPK2 and prolonging their
activated state (49).  A Herpesvirus saimiri protein (STP-
C488) associates with Ras and activates it (50) and a
coxsackievirus protein (Sam68) binds Ras-GAP and
inactivates it, thereby activating Ras (51).

Another strategy used by viruses to regulate
apoptosis is to alter the expression and activation of cellular
apoptosis modulator proteins. The hepatitis B virus (HBV)
protein HBVx and the EBV protein LMP1 upregulate
EGFR expression by promoter activation (52), the bovine
papilloma virus (BPV) E5 protein binds the EGFR
cytoplasmic domain enhancing its kinase activity (53) and
the human papilloma virus type 16 (HPV-16) E5 protein
binds EGFR and inhibits its downregulation (54). Human
cytomegalovirus activates ERK by inhibiting a phosphatase
responsible for its dephosphorylation (55) and the HSV-2
protein ICP10PK activates Ras by binding the guanine
exchange factor Sos and by inhibiting the activity of the
Ras downregulatory protein Ras-GAP through
phosphorylation (56).

The second article in this miniseries, entitled
“Herpes Simplex Virus Type 2 Encodes a Heat Shock
Protein Homologue with Apoptosis Regulatory Functions”
focuses on the Hsp as targets of virus mediated apoptosis
regulation.  In this article, Gober et al., review present
understanding of the role of Hsp in apoptosis, the
mechanism of Hsp-mediated control of cell life and death
decisions and the ability of Hsp to cross talk to other
signaling cascades as well as the immune system. The
authors also introduce an HSV-2 protein (ICP10PK), which
is an Hsp homologue and regulates apoptosis.   They
suggest that ICP10PK may have been co-opted from its
cellular homologue in order to improve the efficiency of
virus replication. This is particularly relevant within the
context of latency, defined as the ability of DNA to persist
in sensory neurons indefinitely in a largely untranscribed
state with periodic episodes of virus reactivation. The
mechanism of latency establishment and reactivation is of
major interest in the field, but despite extensive
investigation, it is still unresolved.  Presumably, ICP10PK
responds to stress induced AP-1 expression and enables

resumed transcription of the viral DNA by virtue of its
ability to activate the Ras/MEK/ERK pathway. This also
results in the inhibition of virus-mediated apoptosis
increasing the number of live neurons that can support
virus replication.  Indeed, Bag-1S, the anti-apoptotic
isoform, is also upregulated by the ICP10PK-activated
MEK/ERK pathway and it accounts for over 90% of the
ICP10PK anti-apoptotic activity. It is likely that Bag-1
functions to stabilize Bcl-2 and provide a feedback
amplification loop for Raf-1 kinase (57).   However, Gober
et al., show that ICP10PK also upregulates Hsp70 and
Hsp27 that may contribute to apoptosis inhibition by
chaperoning damaged proteins to the proteasome.

In the last article in this miniseries entitled “The
Herpes Simplex Virus Type 2 Protein ICP10PK:  a Master
of Versatility“, Smith uses ICP10PK as a model to
exemplify the cell specificity of the viral modulatory
effects. Thus, ICP10PK activates the Ras/MEK/ERK
signaling pathway in all the cells studied so far. However,
the outcome of this stimulation is cell type specific and
depends on the mitotic or post-mitotic state of the cell. At
the molecular level, the distinct biological outcome
probably reflects the activation of a range of transcription
factors, which is determined by the cell type and its
position along the cell cycle. This results in increased
expression of different target genes. Thus, activation of the
Ras/Raf-1/MEK/ERK pathway in immortalized cells leads
to upregulation of the AP1 transcription factor c-Fos, which
is responsible for increased expression of positive cell cycle
regulators and downregulation of tumor suppressor genes
that inhibit cell cycle progression.  However, in post
mitotic neurons, the activated pathway increases the
expression of anti-apoptotic transcription factors, such as
CREB.  It will be interesting to see whether ICP10 PK
induces distinct survival pathways in response to apoptotic
stimuli other than virus infection, and to better elucidate the
contribution of specific cellular genes that are upregulated
/activated in neurons as compared to mitotic cells in which
ICP10PK induces proliferation.

7.  CONCLUDING REMARKS AND PERSPECTIVE

Factors involved in the CNS pathogenesis of
virus infection include lytic effects due to virus replication
and/or inflammatory responses that result, at least in part,
from cytokine production by microglial cells, and neuronal
cell apoptosis. Apoptosis is a determining aspect of virus-
induced CNS pathogenesis. Apoptotic cascades are affected
by signaling pathways, and none of these function in
isolation. The ranges of connections, which allow
integration between the various signaling and apoptotic
pathways, and their modulation by virus infection, are
emerging as a topic of major relevance to disease
pathogenesis and the identification of therapeutic targets.
The ERK, PI3-K/Akt and cAMP/PKA pathways are
ubiquitous and pivotal to cellular growth, survival and
function. The JNK and p38MAPK stress-induced pathways
and the caspase cascades are generally associated with cell
death. However, ERK-associated cell death and JNK-
mediated cell survival have also been reported, and viruses
can   hijack any one of these pathways, altering this
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sensitive balance.  For example, HSV-1 triggers apoptosis
in CNS neurons, involving JNK/c-Jun and caspase
activation and culminating in the induction of the pro-
apoptotic protein Bad. In humans, HSV-1 causes a non-
epidemic, sporadic, acute focal encephalitis (HSE) that
accounts for 10-20% of viral encephalitis cases among
adults and older children in the US and has a 50-60 %
mortality rate in the presence of antiviral therapy. JNK–
dependent apoptosis appears to be a significant component
of HSE pathogenesis.  By contrast, HSV-2 does not trigger
apoptosis in CNS neurons nor cause encephalitis.  This is
likely due to the anti-apoptotic activity of the ICP10PK
protein, which is poorly conserved in HSV-1 (12). HSV-1
has also been associated with Alzheimer’s disease, a
chronic neurodegenerative disorder characterized by
intracellular accumulation of neurofibrillary tangles,
abnormal deposition of the beta-amyloid (Abeta) protein
into focal plaques and extensive neuronal death also related
to apoptosis.  The hypothesis is that people who harbor
latent HSV-1 in the brain suffer from mild encephalitis
(and apoptosis) related to periodic virus reactivation, and
this problem is augmented by the age-related decline in the
immune system. Individuals homozygous or heterozygous
for the type epsilon4 allele of the apolipoprotein E gene
(ApoE4) may have a higher frequency of virus reactivation
(58).

It is becoming increasingly evident that the
outcome of virus infection in the brain is complicated by
the contribution of glial cells (astrocytes, oligodendrocytes
and microglia). IL-6, TGF-beta and TNF-alpha produced
by microglial cells are involved in excitotoxic neuronal
damage (36). However, microglia can also produce
neurotrophic factors, such as brain-derived neurotrophic
factor (BDNF), NGF and GDNF that are neuroprotective
(59). It is still not entirely clear whether microglia protect
or harm neurons or whether TNF-alpha is beneficial or
toxic.  Some studies suggest that TNF-alpha enhances
injury (37), while others indicate that it induces anti-
apoptotic factors and is protective (38). Still other studies
suggest that TNF-alpha has a deleterious effect during the
acute response that occurs in the traumatized brain, but it
plays a key role in the long-term behavioral recovery and
tissue repair (60). Although TNF-alpha may not be
sufficient to trigger apoptosis on its own, TNF-alpha
triggered apoptosis was initiated or made worse when
Hsp70 expression increased to high levels that disrupt NF-
kappa B signaling (39).  This is particularly relevant since
HSV-1/2 upregulate Hsp70 that has both anti-apoptotic
activity and stimulates the apoptotic activity of other
stimuli, such as TNF-alpha. In HSV-2 infected cells,
ICP10PK upregulates Hsp70 together with its anti-
apoptotic co-chaperone Bag-1, suggesting that under these
conditions, Hsp70 contributes to anti-apoptotic activity.  By
contrast, in HSV-1 infected cells, in which Bag-1 is not
induced and the activated JNK pathway is pro-apoptotic,
Hsp70 may contribute to apoptosis development.

The cross talk between signaling pathways and
immune responses that are modulated by virus infection is
underscored by recent findings that Hsp60 can activate
innate immunity involving the ubiquinated TRAF6 protein,

a signal transducer that activates JNK in response to stress
and inflammatory signals (40,41).  Hsp60 triggers
production of TNF-alpha, IL-6 or IL-12 and activates
macrophages and dendritic cells via the Toll-like/IL-1
receptor. TRAF6 is involved and ultimately leads to the
activation of NF-kB, the stress-activated kinases JNK and
p38MAPK and the mitogen-activated kinases ERK1/2 (61).
Hsp70 also stimulates the Toll-like/IL-1 receptor signal
pathway (62).

Astrocytes reduce neuronal cell death following a
variety of cellular stresses, such as excitotoxicity and
oxidative stress. They protect neurons from apoptosis
caused by serum deprivation, at least in part, by releasing
TGF-beta, which activates the JNK/c-Jun pathway via the
TGF-beta type II receptors.  In this system, pathway
activation leads to increased transcription of
neuroprotective genes (63), presumably because the pro-
apoptotic function of JNK/c-Jun is counteracted by
neurotrophic factors in the CNS milieu.  This underscores
the importance of the cell type towards functional
definition of pathway activation.

Understanding the cross-talk processes that
interlink signaling systems in defined cell types is crucial
for the development of appropriate therapies.  The
therapeutic approach dictated by the complex multifactorial
nature of neurodegenerative disorders includes the targeting
of both the apoptotic cell death and the decline in cognitive
processes.  Gene therapy of neurological disorders that
involve apoptosis, using HSV vectors for delivery of anti-
apoptotic genes, has attracted much recent attention.
Interest in the use of HSV vectors was stimulated by the
ability of HSV to infect post-mitotic neurons and its large
foreign gene insertion capacity (up the 50 kb).  However,
the development of effective HSV-1 vectors for the CNS is
hampered by their cytotoxicity and apoptotic activity.
Therefore, recent of attention has shifted towards
maintaining neuronal function in addition to promoting
survival (64,65). HSV-2-based vectors may have an
additional advantage when compared to HSV-1 vectors, in
that the ICP10 PK confers broad anti-apoptotic activity in
neurons. This includes inhibition of apoptosis triggered by
virus infection, neurotrophic factor deprivation (a known
etiologic factor of neurodegenerative disorders) genetic
defects (including ALS) and exictotoxicity (models of
stroke and epilepsy).  In addition, ICP10 PK activates the
ERK/CREB LTP pathway, providing an improvement in
cognitive functions, a benefit sought after, but never
achieved by the current therapeutic strategies of
neurodegenerative disorders.
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