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Preface

Apoptosis is a regulated, energy-dependent process by which a cell self-
destructs. This mechanism of programmed cell death plays an important
role in normal development and control of cell numbers in mature ani-
mals. Apoptosis was initially defined by morphological criteria to describe
the distinctive appearance of dying cells that developed nuclear condensa-
tion, cell shrinkage, and cytoplasmic blebbing. Initiation of the apoptotic
process can come from external or internal stimuli and is highly regulated
both by molecules that facilitate and by molecules that inhibit the process.
Common features of apoptosis include activation of proteases and nu-
cleases, mitochondrial membrane permeabilization, chromatin disruption,
and translocation of phosphatidylserine from the inner to the outer sur-
face of the plasma membrane. Apoptotic cells attract phagocytes that en-
gulf the apoptotic bodies and prevent tissue damage in the region. Intense
investigation of the cell death process has defined many molecular features
of the pathway by which regulation and execution can be exploited by
pathogens.

It can be envisioned that apoptosis as a response to an intracellular
pathogen is a useful way for the host to eliminate infected cells, decreasing
the likelihood of spread of the infection to neighboring cells and prevent-
ing pathogen persistence. Alternatively, the apoptotic response may be a
major mechanism by which the host is harmed by a pathogen. Apoptosis
can also play an important role in regulation of the immune response both
by allowing cross-presentation of antigens and enhancing the T cell re-
sponse and also by inducing death of inflammatory cells and suppressing
the immune response.

Apoptosis can be initiated directly by contact of the pathogen with a
target cell (e.g., Yersinia, Entamoeba histolytica), by delivery of proteases
into a target cell (e.g., natural killer cells, cytotoxic T lymphocytes), or by
triggering intracellular cell death signaling pathways (e.g., Sindbis virus,
Salmonella). Apoptosis can also be initiated indirectly by induction of the
expression of ligands that interact with death receptors on the cell surface
(e.g., reovirus) or activating intracellular stress pathways (e.g., herpes
simplex virus). For some slowly replicating intracellular pathogens inhibi-
tion of apoptosis is necessary for life cycle completion (e.g., baculovirus,
Toxoplasma gondii). For rapidly replicating pathogens (e.g., Sindbis virus,
poliovirus) delay of cell death is not necessary and pathogen growth may
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actually be facilitated by the apoptotic intracellular environment. Interest-
ingly, for malaria, apoptosis of both the Plasmodium parasite and cells in
the mosquito vector work together to enhance the likelihood of subsequent
pathogen transmission by the mosquito.

The immune response to a pathogen can also be regulated to the host’s
or the pathogen’s advantage by apoptosis. If the infected cell expresses a
ligand that induces the death of macrophages, activated lymphocytes or
other leukocytes (e.g., rabies virus, Yersinia, Salmonella, T. gondii), there
will be suppression of the immune response and clearance mechanisms
may be impaired. If the apoptotic bodies are engulfed by antigen-present-
ing cells, then the immune response will be enhanced and cross-presenta-
tion of antigens to CD8 T cells facilitated.

This volume provides examples and reviews of this wide variety of
contributions of apoptosis to the pathogenesis of infectious diseases.

Diane E. Griffin
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Abstract Reovirus infection has proven to be an excellent experimental system for
studying mechanisms of virus-induced pathogenesis. Reoviruses induce apoptosis in
a wide variety of cultured cells in vitro and in target tissues in vivo, including the
heart and central nervous system. In vivo, viral infection, tissue injury, and apopto-
sis colocalize, suggesting that apoptosis is a critical mechanism by which disease is
triggered in the host. This review examines the mechanisms of reovirus-induced ap-
optosis and investigates the possibility that inhibition of apoptosis may provide a
novel strategy for limiting virus-induced tissue damage following infection.

Abbreviations
AIF

Apoptosis-inducing factor

CNS Central nervous system

DcR Decoy receptor

DD Death domain

DISC Death-inducing signaling complex
DN Dominant negative

DR Death receptor

E Embryonic

FADDFADD Fas-associated death domain

FMK Fluoromethyl ketone

HTLV Human T cell lymphoma virus
IAP Inhibitor of apoptosis protein
IxBIxB Inhibitor kB

ISVP Infectious subvirion particle

JAM Junctional adhesion molecule
JNKJNK c-Jun N-terminal kinase

MAbs Monoclonal antibodies

MCC Mouse cortical cultures

MDCK Madin-Darby canine kidney

MHC Mouse hippocampal cultures

MEF Mouse embryo fibroblasts

NF-xB Nuclear factor kB

PCR Polymerase chain reaction

PI Postinfection

PFU Plaque-forming unit

smacsmac Second mitochondrion-derived activator of caspases
SMN Survival motor neuron

TIL Type 1 reovirus, strain Lang

T3A Type 3 reovirus, strain Abney
T3D Type 3 reovirus, strain Dearing
TNFTNF Tumor necrosis factor

TNER TNF receptor

TRAILTRAIL  TNF-related apoptosis-inducing ligand
ts Temperature sensitive

TUNEL TdT-mediated dUTP nick-end labeling
uv Ultraviolet

VarK Variant K
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1
Introduction

Reoviruses are ubiquitous, nonenveloped, cytoplasmically replicating
viruses that have been isolated from a wide variety of mammalian spe-
cies, including humans. In humans, reovirus has been associated with
diarrheal illnesses, upper respiratory infections, hepatobiliary diseases
including biliary atresia, and rare cases of central nervous system (CNS)
infection. However, the viruses are still considered “orphan viruses” as
they have not been definitively linked to disease. In contrast, natural
and experimental infection of animals with reovirus produces a variety
of diseases. The most extensively studied experimental system involves
infection of neonatal mice where, depending on the viral strain and
route of inoculation, reovirus infection can produce disease in a variety
of organs (Tyler 1998; Tyler et al. 2001).

Reovirus infection has proven to be an excellent experimental system
for studying mechanisms of virus-induced pathogenesis. Reoviruses in-
duce apoptosis in a wide variety of cultured cells in vitro and in target
tissues in vivo, including the heart and CNS (Clarke and Tyler 2003). In
vivo, viral infection, tissue injury, and apoptosis colocalize, suggesting
that apoptosis is a critical mechanism by which disease is triggered in
the host (DeBiasi et al. 2001; Oberhaus et al. 1997; Richardson-Burns et
al. 2002). This review examines the mechanisms of reovirus-induced ap-
optosis and investigates the possibility that inhibition of apoptosis may
provide a novel strategy for limiting virus-induced tissue damage fol-
lowing infection.

2
Reovirus-Induced Apoptosis Is Determined by the Type 3 Reovirus S1
and M2 Gene Segments

The reovirus virion is comprised of two concentric protein capsids sur-
rounding a genome of 10 segments of double-stranded (ds) RNA. Reovi-
rus strains differ in their ability to induce apoptosis with prototype Type
3 (T3) reovirus strains, Dearing (T3D) and Abney (T3A), inducing sig-
nificantly more apoptosis in L929 fibroblasts than the prototype Type 1
(T1) reovirus strain, Lang (T1L). The T3 S1 and M2 gene segments have
been identified as the viral determinants of reovirus-induced apoptosis
in L929 and Madin-Darby canine kidney (MDCK) cells and the S1 gene
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segment alone as a determinant of apoptosis in HeLa cells (Tyler et al.
1995, 1996; Rodgers et al. 1997; Connolly et al. 2001).

2.1
Role of the S1 Gene Segment in Reovirus-Induced Apoptosis

The S1 gene segment encodes the viral attachment protein o1 and the
nonstructural protein ols. ols is the determinant of reovirus-induced
G,/M cell cycle arrest, an effect that results from inhibition of the G,/M
regulatory kinase p34°“* and the resulting inhibition of cellular DNA
synthesis (Tyler et al. 1996; Poggioli et al. 2000, 2001). In vitro, ols is
not required for reovirus-induced apoptosis of L929 or HEK293 cells
and cell cycle arrest and inhibitors of apoptosis do not prevent reovirus-
induced cell cycle arrest, suggesting that these are distinct pathways
(Poggioli et al. 2000). The viral attachment protein o1 must therefore be
a determinant of reovirus-induced apoptosis.

In support of this, apoptosis can be induced at nonpermissive tem-
peratures by a variety of reovirus temperature-sensitive (ts) mutants
(Connolly and Dermody 2002), which are arrested at defined steps in vi-
ral replication and by ultraviolet (UV)-inactivated virus, all of which
contain o1 but lack o1s (Tyler et al. 1995).

In virions, the reovirus ol protein is a homotrimer comprised of an
elongated fibrous tail, which inserts into the virion, and an externally
facing globular head (Chappell et al. 2002). The heads of both reovirus
T1L and T3D o1 proteins contain a binding domain for junctional adhe-
sion molecule (JAM), which serves as the primary reovirus receptor
(Barton et al. 2001b). In addition, the fibrous tail of the T3 reovirus ol
protein contains a domain that binds a-linked sialic acid (Chappell et al.
2000). Sialic acid binding is not required for viral entry. However, the
binding of sialic acid in addition to JAM at early times after attachment
can enhance both reovirus attachment and growth in some cell types
(Connolly et al. 2001; Barton et al. 2001a). Virus binding to both JAM
and sialic acid are required for reovirus-induced activation of nuclear
factor kB (NF-xB) (see below) and apoptosis (Connolly et al. 2001).

2.2
Role of the M2 Gene Segment and Viral Disassembly
in Reovirus-Induced Apoptosis

The M2 gene, which encodes the major viral outer capsid protein ul/ulc
also contributes to the apoptotic phenotype. In fact, incubation of in-
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fected cells with monoclonal antibodies (MAbs) directed against either
the ol (viral attachment), ul, or 03 (outer capsid) proteins can inhibit
apoptosis. In the case of the 01 MAbs this almost certainly reflects their
capacity to inhibit viral cell attachment. However, both anti-u1 and anti-
03 MAbs, which do not inhibit viral cell attachment but do prevent viri-
on uncoating, can inhibit apoptosis (Virgin et al. 1994; Tyler et al. 1995,
1996; Connolly et al. 2001; Rodgers et al. 1997) .

After viral cell attachment and subsequent receptor-mediated endo-
cytosis, reovirions are proteolytically disassembled to form infectious
subvirion particles (ISVPs). This process is characterized by removal of
the outer capsid protein 63, proteolytic cleavage of u1/11C, and confor-
mational changes in ol. Reovirus-induced apoptosis (and activation of
NF-«B, see below) is blocked by inhibiting proteolysis of reovirus viri-
ons with ammonium chloride, which inhibits endosomal acidification,
or E64, which inhibits cysteine-containing endocytic proteases, indicat-
ing that viral disassembly is required for apoptosis in infected cells
(Connolly and Dermody 2002). Early events during viral entry, but sub-
sequent to virus engagement of cellular receptors, thus appear to be re-
quired for reovirus-induced apoptosis, an interpretation that has subse-
quently been supported by experiments using ¢s mutants blocked at dif-
ferent stages in the reovirus replication cycle (Connolly and Dermody
2002).

3
Reovirus-Induced Apoptosis Is Mediated by Death Receptor Signaling

Tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL)
is a widely expressed type 2 membrane protein that was identified by its
homology to Fas ligand (FasL) and TNFa. TRAIL induces apoptosis
by binding to the cell surface death receptors (DRs) DR4 (also cal-
led TRAIL-R1) and DR5 (also called Apo2, TRAIL-R2, TRACK2, or
KILLER). In addition, TRAIL can bind to the decoy receptors DcR-1 (for
decoy receptor 1) and DcR-2, which do not transduce apoptotic signals
and which can prevent the induction of apoptosis in TRAIL-treated cells.
TRAIL-mediated activation of DR4 and DR5 induces DR oligomerization
and the close association of their cytoplasmic death domains (DDs). The
cytosolic adapter molecule FADD (for Fas-associated death domain) and
pro-caspases 8 and 10 are then recruited to the receptor to form the
death-inducing signaling complex (DISC), where pro-caspase cleavage
generates active initiator caspases, 8 and 10.
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Fig. 1 Model of reovirus-induced apoptosis. After virus infection, TRAIL is released
into the supernatant, by an unknown mechanism, and initiates apoptosis by binding
to cell surface death receptors DR4 and DR5. TRAIL-receptor binding induces the
activation of caspase 8, which in turn activates the downstream effector caspase, cas-
pase 3. Caspase 8 also activates mitochondrial apoptotic pathways in reovirus-infect-
ed cells through the cleavage of Bid, resulting in the release of mitochondrial apop-
totic factors and the amplification of death receptor apoptotic signaling. The mito-
chondrial release of smac, rather than cytochrome ¢, is thought to have a more sig-
nificant role in reovirus induced apoptosis. (With permission from Clarke and Tyler
2003)

Soluble TRAIL receptors, anti-TRAIL antibodies, and the overexpres-
sion of DcR-1 can all inhibit reovirus-induced apoptosis in a wide vari-
ety of cells including L929 cells, human embryonic kidney (HEK293)
cells, and several human cancer cell lines (Clarke et al. 2000, 2001a). This
suggests that reovirus-induced apoptosis is mediated by TRAIL signal-
ing pathways. Reovirus-infected cells release soluble TRAIL into the su-
pernate, providing a potential mechanism for initiating both autocrine
and exocrine (bystander) apoptosis (Clarke et al. 2000).

Events downstream of TRAIL receptor binding are also activated after
reovirus infection. Reovirus infection thus induces the cleavage and acti-
vation of pro-caspase 8. In HEK293 cells, the activation of caspase 8 oc-
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curs in two phases. An initial phase occurs between 8 and 14 h postin-
fection (PI) and a later phase occurs between 24 and 34 h PI, by which
time all pro-caspase 8 has been cleaved in infected cells (Kominsky et al.
2002a). Expression of dominant-negative (DN)-FADD or a peptide in-
hibitor of caspase 8 activity, IETD-FMK results in the inhibition of apop-
tosis in reovirus-infected cells, indicating that caspase 8 activity is re-
quired for reovirus-induced apoptosis (Clarke et al. 2000; Kominsky et
al. 2002a). Caspase 8 activation is also required for the activation of cas-
pase 3 in reovirus-infected cells (Kominsky et al. 2002a). Like caspase 8
activation, reovirus-induced activation of caspase 3 is biphasic, with a
first phase of activation beginning around 8 h PI and a second phase of
activation beginning at 24 h PI. The kinetics of caspase 8 and caspase 3
activation suggest that these two events occur in rapid succession in re-
ovirus-infected cells. Reovirus-induced caspase 3 activity corresponds
closely to the cleavage of the cellular substrate PARP, indicating that cas-
pase 3 has biological activity in infected cells and can participate in the
cleavage of cellular substrates to induce the morphological hallmarks of
apoptosis (Connolly and Dermody 2002; Clarke et al. 2001a; Kominsky
et al. 2002a). A model of reovirus-induced, TRAIL-mediated apoptosis is
shown in Fig. 1.

4
Mitochondrial Signaling Contributes to Reovirus-Induced Apoptosis

The first indication that mitochondrial signaling pathways are involved
in reovirus-induced apoptosis came from the observation that reovirus-
induced apoptosis is inhibited in MDCK cells that overexpress Bcl-2
(Rodgers et al. 1997). Bcl-2 belongs to a family of proteins that contain
both proapoptotic (e.g., Bax and Bak) and antiapoptotic (e.g., Bcl-2 and
Bcl-xL) members. During apoptosis the interactions of pro- and anti-
apoptotic Bcl-2 family proteins are disrupted, resulting in the oligomer-
ization of Bax and Bak, the formation of a pore within the mitochondrial
membrane, and the release of proapoptotic mitochondrial factors, in-
cluding cytochrome ¢ and a second mitochondrion-derived activator of
caspases (smac; also called DIABLO). Cytochrome ¢ contributes to apop-
tosis by activating the initiator caspase 9, which functions to activate the
effector caspases. Smac contributes to apoptosis by binding to cellular
inhibitor of apoptosis proteins (IAPs), thereby preventing their inhibito-
ry actions on caspase activity (Verhagen et al. 2000).
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4.1
Reovirus Induces the Cleavage of Bid

In some cell types, DR signaling activates mitochondrial apoptotic path-
ways through the caspase 8 (or 10)-dependent cleavage of the BH3-only
Bcl-2 family protein Bid. This produces a C-terminal fragment of Bid,
truncated (t) Bid, which translocates to the mitochondria and interferes
with Bcl-2 protein interactions resulting in the release of cytochrome ¢
and smac. Bid is cleaved in HEK293 cells after infection with reovirus
(Kominsky et al. 2002a). Bid cleavage coincides with the release of cyto-
chrome ¢ from the mitochondria and the associated activation of cas-
pase 9 (Kominsky et al. 2002a). Furthermore, both Bid cleavage and the
release of cytochrome c are blocked in cells expressing DN-FADD and,
like caspase 8 activation, Bid cleavage is biphasic. These results indicate
that caspase 8 activity is required for activation of mitochondrial apop-
totic pathways in reovirus-infected cells (Kominsky et al. 2002a).

4.2
Role of Smac in Reovirus-Induced Apoptosis

Smac is also released from the mitochondria of reovirus-infected cells
with kinetics similar to that of the release of cytochrome ¢ and, like cy-
tochrome ¢, smac release is blocked by the overexpression of Bcl-2
(Kominsky et al. 2002a). After reovirus infection ,some cellular IAPs
(survivin, cIAP1, and XIAP) undergo proteolytic cleavage and degrada-
tion (Kominsky et al. 2002b). This is prevented in cells overexpressing
Bcl-2 (Kominsky et al. 2002b) and is consistent with a key role for smac
in inhibiting IAP-mediated caspase inhibition (Verhagen et al. 2000). It
is thought that this may be mediated through direct binding of smac
with target IAPs (Verhagen et al. 2000; Chai et al. 2001; Huang et al.
2001; Riedl et al. 2001). Alternatively, IAP degradation has also been
shown to represent an important apoptotic event both in mammalian
cells and in Drosophila, where proteins with regions homologous to
smac (Grim and REAPER) promote ubiquitin-mediated degradation of
Drosophila IAP1 (Johnson et al. 2000; Deveraux et al. 1999; Yang et al.
2000; Palaga and Osborne 2002).

Smac release, rather than caspase 9 activation, plays a critical role in
the mitochondrion-related augmentation of reovirus-induced, DR-medi-
ated, apoptotic pathways (Kominsky et al. 2002b). Thus stable transfec-
tion of HEK293 cells with DN-caspase 9 (caspase 9b) only inhibits reovi-
rus-induced activation of caspase 9, unlike Bcl-2 overexpression, which
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blocks all mitochondrially mediated events. In addition, caspase 9b ex-
pression does not affect reovirus-induced activation of caspase 3 or re-
ovirus-induced PARP cleavage, suggesting that, although caspase 9 is ac-
tivated in reovirus-infected cells, other pathways are necessary for effec-
tor caspase activation (Kominsky et al. 2002b).

A variety of other mitochondrial apoptotic factors have been identi-
fied, including apoptosis-inducing factor (AIF). Reovirus infection is
not associated with release of AIF in HEK293 cells (Kominsky et al.
2002b). Nor does it result in disruption of mitochondrial transmem-
brane potential, indicating that the release of proapoptotic factors from
the mitochondria after reovirus infection is selective (Kominsky et al.
2002b). This is consistent with ultrastructural studies in reovirus-infect-
ed cells that suggest that disruption of mitochondrial architecture is not
a typical feature of reovirus infection.

43
Mitochondrial Pathways Amplify Death Receptor Apoptotic Signaling
Following Reovirus Infection

As previously described, activation of both caspase 8 and Bid is biphasic
(Kominsky et al. 2002a). In contrast, reovirus-induced release of smac is
not biphasic, occurring just after the early phase and before the late
phase of caspase 8 activation and Bid cleavage (Kominsky et al. 2002b).
Overexpression of Bcl-2 inhibits the late phase of caspase 8 activation
without affecting the early phase, suggesting that the late phase is mito-
chondrion dependent (Kominsky et al. 2002a). Together, these results
are consistent with a model in which DR activation initiates reovirus ap-
optosis and results in early low-level activation of effector caspases. Mi-
tochondrial events, likely initiated by Bid translocation and involving re-
lease of smac, then amplify the initial DR-initiated signal and dramati-
cally augment effector caspase activation (Fig. 1).

In addition to caspase 3, the effector caspase 7 is also activated after
reovirus infection (Kominsky et al. 2002a). This activation occurs later
than the first phase of caspase 3 activity and is less robust, suggesting
that caspase 7 activation may play a less critical role in reovirus-induced
apoptosis than caspase 3. In addition, the observations that caspase 7 ac-
tivation parallels that of caspase 9 and is not biphasic suggest that it
may result from the activation of caspase 9.
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5
Role of NF-xB in Reovirus-Induced Apoptosis

Nuclear factor kB (NF-xB) is a transcription factor that is normally pre-
vented from migrating to the nucleus and binding to DNA by its associ-
ation in the cytoplasm with members of the inhibitor B (IxB) family of
proteins. Site-specific phosphorylation, followed by ubiquitination and
proteosomal degradation of IxB, allows for NF-xB activation. Reovirus
infection transiently activates NF-xB in a variety of cell types, including
1929, MDCK, and HeLa cells (Connolly et al. 2000). This activation can
be detected in HeLa cells as early as 4 h PI, peaks at 10 h PI, and then
declines (Connolly et al. 2000). Similarly, expression of an NF-xB-depen-
dent luciferase reporter gene is transient in reovirus-infected cells (Con-
nolly et al. 2000). Inhibition of NF-xB by stable overexpression of an IxB
super-repressor or treatment of cells with a proteasome inhibitor that
blocks IxB degradation (Z-L;VS) inhibits reovirus-induced apoptosis
(Connolly et al. 2000). Apoptosis is also inhibited in immortalized
mouse embryo fibroblasts (MEFs) with targeted disruptions in the genes
encoding the p50 or p65 subunits of NF-xB (Connolly et al. 2000). These
results suggest, in contradistinction to many other models of apoptosis,
that after reovirus infection early activation NF-xB exerts a pro- rather
than antiapoptotic influence.

The regulation of TRAIL and DR expression is upregulated by NF-xB
in a variety of systems, including cells undergoing apoptosis induced by
human T cell lymphoma virus (HTLV-1) Tax and the chemotherapeutic
agents etoposide and doxorubicin (Ravi et al. 2001; Gibson et al. 2000;
Spalding et al. 2002; Rivera-Walsh et al. 2001). Studies are now under
way to determine the role of NF-xB in mediating TRAIL and DR expres-
sion during reovirus-induced apoptosis.

Several lines of evidence suggest that activation of NF-xB does not
completely explain the involvement of NF-xB in reovirus-induced apop-
tosis. First, NF-«xB activation is transient and occurs before the onset of
apoptosis in reovirus-infected cells (Connolly et al. 2000; Clarke et al.
2003b). Second, our preliminary experiments indicate that both T1 and
T3 reoviruses activate NF-xB to a similar extent in HeLa and HEK293
cells, although T3 reoviruses induce significantly more apoptosis, sug-
gesting that NF-«B is required, but not sufficient, for apoptosis in these
cells. Third, although activation of NF-xB may be required for apoptosis
in both HeLa and HEK293 cells the difference in magnitude of the re-
sponse is dramatic, whereas apoptosis occurs with similar efficiency.
Thus weak NF-xB activation can be detected in HEK293 cells 2-4 h after



Mechanisms of Apoptosis During Reovirus Infection 11

infection with T3A reovirus (Clarke et al. 2003b), whereas robust NF-xB
activation is detected in HeLa cells 2-12 h PI (Connolly et al. 2000).

In addition to activating NF-xB at early times PI, reovirus has now
been shown to induce a second phase of NF-«B regulation where NF-«xB
activity is inhibited in reovirus-infected cells at later times PI (Clarke et
al. 2003a). This phase of regulation results in the transient nature of NF-
kB activation in reovirus-infected cells and also inhibits stimulus-in-
duced activation of NF-xB (Clarke et al. 2003a). Reovirus-induced inhi-
bition of NF-xB activation in HEK293 cells is inhibited by the viral RNA
synthesis inhibitor ribavirin, which is also required for efficient apopto-
sis in these cells and for the ability of reovirus to sensitize these cells to
TRAIL-induced apoptosis (Clarke et al. 2003a). Because DR receptor-in-
duced apoptosis is enhanced in many systems if NF-xB signaling is in-
hibited and because reovirus-induced apoptosis is mediated by DR sig-
naling, it is likely that the inhibition of NF-xB at later times PI is neces-
sary for efficient reovirus-induced apoptosis and for reovirus-induced
apoptosis in TRAIL-resistant cells (Clarke et al. 2003a).

The mechanism by which NF-«B is regulated by reovirus is not fully
understood. One possible activator of NF-xB in reovirus-infected cells is
the calcium-dependent, papain-like, neutral cysteine protease calpain.
Calpain is activated as early as 2 h after reovirus infection of L929 cells
and myocardiocytes and inhibition of this activation inhibits reovirus-
induced apoptosis (DeBiasi et al. 1999, 2001). In most models of apopto-
sis calpains act upstream of caspases, and the early onset of calpain ac-
tivity in reovirus-infected cells suggests that this may also be true for re-
ovirus-induced apoptosis. However, calpain has also been implicated in
the regulation of a variety of cellular transcription factors, including NF-
kB (Chen et al. 1997; Watt and Molloy 1993). The early activation of cal-
pain after reovirus infection makes this an attractive candidate for reovi-
rus-induced activation of NF-xB. In addition, reovirus induces the up-
regulation of the proapoptotic protein par-4 (DeBiasi et al. 2003), which
can inhibit the phosphorylation and degradation of IxB, thereby pre-
venting NF-xB activation (Camandola and Mattson 2000; Diaz-Meco et
al. 1999). This results in the downmodulation of Bcl-2 and can result in
sensitization of cells to TNF- and FasL-induced apoptosis (Diaz-Meco et
al. 1999).
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6
Reovirus-Induced Apoptosis Is Associated
with Activation of JNK and the Transcription Factor c-Jun

Reovirus infection results in a viral strain-specific pattern activation of
the c-Jun N-terminal kinase (JNK) and the JNK-associated transcription
factor c-Jun (Clarke et al. 2001b). The capacity of reovirus strains to ac-
tivate JNK correlates closely with their capacity to induce apoptosis
(Clarke et al. 2001b). In addition, experiments using T1L x T3D reassor-
tants indicate that the same viral gene segments that determine apopto-
sis induction (S1 and M2) are also key determinants of JNK activation
(Clarke et al. 2001b). Furthermore, our preliminary experiments indicate
that reovirus-induced apoptosis is inhibited in cells deficient in MEK ki-
nase 1, an upstream activator of JNK in reovirus-infected cells and in
cells treated with inhibitors of JNK activity. These results indicate that
JNK is required for reovirus-induced apoptosis.

Our recent experiments also indicate that JNK is required for the effi-
cient release of smac and cytochrome ¢ from the mitochondria of reovi-
rus-infected cells, suggesting that JNK promotes mitochondrial path-
ways of apoptosis in reovirus-infected cells (Clarke et al. 2004). Both
JNK-induced phosphorylation of Bcl-2 family proteins and c-Jun-in-
duced expression of the BH3-only protein Bim have previously been
shown to promote mitochondrial apoptotic signaling. Experiments to
determine the mechanism by which JNK and c-Jun influence reovirus-
induced apoptosis are currently under way.

7
Reovirus-Induced Alteration in Expression of Genes
with Potential Roles in Virus-Induced Apoptosis and Pathogenesis

Reovirus infection induces the activation of transcription factors NF-xB
and c-Jun (Clarke et al. 2001b, 2003a; Connolly et al. 2000). This suggests
that activation of specific cellular genes contributes to virus-induced cel-
lular signaling, including apoptotic signaling, in infected cells. High-
density oligonucleotide microarrays used to perform a global analysis of
virus-induced cellular gene expression after reovirus infection of
HEK293 cells (DeBiasi et al. 2003; Poggioli et al. 2002) showed that the
expression of 24 genes related to apoptosis were altered in cells infected
with the apoptosis-inducing reovirus strain T3A (Table 1). These genes
encode proteins with potential roles in DR, endoplasmic reticulum
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Table 1 Reovirus-induced alteration in expression of genes encoding proteins with

known apoptotic involvement

Gene GenBank Change

accession in expression

no.* (n-fold)®

T3A T1L

Mitochondrial signaling
Pim-2 proto-oncogene homolog U77735 -2.2%0.1
Mcl-1 L08246 2.0+0.0 2.210.0
BAC 15E1-cytochrome c oxidase polypeptide AL021546 2.1+0.0
Par-4 U63809 2.1+0.0
HSP-70 (heat shock protein 70 testis variant) D85730 2.240.1
BNIP-1 (Bcl-2 interacting protein) U15172 2.3+0.2
SMN/Btfp44/NAIP (survival motor neuron/ U80017 2.5%0.1
neuronal apoptosis inhibitor protein)
DRAK-2 AB011421 2.8+0.2
SIP-1 AF027150 3.0£0.2
DP5 D83699 5.5%1.1
Death receptor signaling
Bcl-10 AJ006288 5.6%1.1
PML-2 M79463 3.4+0.3
Ceramide glucosyltransferase D50840 4.0£1.2
Sp 100 M60618 6.1£0.5
ER stress-induced signaling
ORP150 U65785 —2.4%0.2
GADD 34 U83981 3.7£0.2 2.9%0.2
GADD 45 M60974 4.910.1 4.41+0.1
Proteases
Calpain X04366 —2.6%0.1
Beta-4 adducin U43959 —2.1%0.1
Caspase 7 U67319 2.6+0.2
Caspase 3 U13737 3.2+40.2  2.8%0.1
Undefined
Frizzled-related protein AF056087 —2.5%0.1 -3.3%0.5
TCBP (T cluster binding protein) D64015 3.3+0.2
Cug-BP/hAb50 (RNA binding protein) U63289 6.6x1.1

? GenBank accession number corresponds to the sequence from which the Affyme-

trix microarray U95A probe set was designed.

® Data are means * standard errors of the means.

stress, and mitochondrial apoptotic signaling and cysteine proteases
(caspases and calpains) (DeBiasi et al. 2003). Only five of these genes
were also differentially expressed after T1L (weakly apoptotic) infection,
emphasizing their potential importance in reovirus-induced apoptosis.
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To date the best-characterized example of a potentially apoptosis-in-
ducing gene identified by microarray analysis to be differentially ex-
pressed after reovirus infection is the survival motor neuron (SMN)
gene. This gene was found by polymerase chain reaction (PCR) analysis
to be upregulated at the transcriptional level in reovirus-infected
HEK293 cells and at the translational level in the hearts of reovirus-in-
fected baby mice (DeBiasi et al. 2003). The SMN protein has been shown
to interact with Bcl-2, conferring a synergistic protective effect against
Bax-induced or Fas-mediated apoptosis that has been shown to underlie
the pathogenesis of spinal muscular atrophy (Sato et al. 2000; Iwahashi
et al. 1997).

Changes in the expression of genes encoding proteins known to be
involved in DNA repair and cell cycle regulation were also identified in
this study and may also affect virus-induced pathogenesis (DeBiasi et al.
2003).

8
Reovirus Sensitizes Cells to TRAIL-Induced Apoptosis

In addition to inducing TRAIL-mediated apoptosis, reovirus infection
also sensitizes cells to TRAIL-induced apoptosis by a mechanism that
results in an increase in the activation of caspases 8 and 3 and is blocked
by the caspase 8 inhibitor IETD-FMK (Clarke et al. 2000, 2001a). Reovi-
rus infection and TRAIL treatment have synergistic rather than merely
additive effects on apoptosis, and infection can confer TRAIL sensitivity
to previously TRAIL-resistant cells as well as increasing the TRAIL sen-
sitivity of partially resistant lines (Clarke et al. 2000, 2001a). This finding
may increase the potential utility of TRAIL as an agent for cancer thera-
pYy> which is currently limited by the fact that cancer cells of all types dif-
fer in sensitivity to TRAIL-induced apoptosis.

The ability of reovirus to sensitize cells to TRAIL does not appear to
reflect an increase in the expression of TRAIL receptors as assayed in
several human cancer cell lines (Clarke et al. 2001a) and may instead be
the result of inhibition of TRAIL-induced activation of NF-xB in reovi-
rus-infected cells (Clarke et al. 2003a).

The ability of reovirus to sensitize cells to TRAIL also suggests that
reovirus-infected cells in vivo are also susceptible to killing through the
TRAIL pathway by immune cells such as natural killer and CD4" cells
that bear membrane-bound TRAIL.
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9
Reovirus-Induced Apoptosis in the Mouse CNS

T3 reovirus strains infect neurons within specific regions of neonatal
mouse brains, producing a lethal meningoencephalitis. Viral antigen
and pathology colocalize in the brain and have a predilection for the
cortex, hippocampus and thalamus (Fig. 2). T3 reovirus infection also
induces apoptosis in the brains of newborn mice (Oberhaus et al. 1997;
Richardson-Burns et al. 2002). Thus fragmentation of DNA into oligonu-
cleosomal-length ladders can be detected in tissue samples prepared
from T3D- but not mock-infected brains at 8-9 days PI, which coincides
with maximal viral growth (Oberhaus et al. 1997). The presence of apop-
totic cells also correlates with areas of tissue injury and viral infection in
T3-infected brain sections (Fig. 2) (Oberhaus et al. 1997; Richardson-

Fig. 2 Coronal sections of neonatal mouse brain 7 days after intracranial inoculation
of 10,000 plaque forming units (PFU) of reovirus strain T3D or mock inoculation.
Hematoxylin and eosin-stained tissue reveals marked destruction of brain tissue in
the T3D-infected brain (B) as compared to the uninfected brain (A). By immunohis-
tochemistry, serial sections of T3D-infected brain tissue were stained for viral anti-
gen (C), TUNEL/apoptosis marker (D), and active caspase 3 (E). Staining for viral
antigen, TUNEL, and caspase 3 were undetectable in the mock-infected brains (data
not shown). (With permission from Richardson-Burns et al. 2002)
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Burns et al. 2002). Most cells in infected brain regions are both TUNEL
(TdT-mediated dUTP nick-end labeling)-positive (apoptotic) and reovi-
rus antigen-positive (infected). However, there are cells in these regions
that are apoptotic but antigen negative, suggesting that apoptosis occurs
both as a result of direct viral infection and in uninfected “bystander”
cells (Oberhaus et al. 1997). Reovirus infection in a mouse neuroblasto-
ma-derived cell line (NB41a3) and in primary mouse cortical cultures
(MCC) derived from embryonic (E20) mice is also associated with in-
creased levels of caspase 3 activity and is blocked with the caspase 3 in-
hibitor DEVD-FMK (Richardson-Burns et al. 2002). Studies of reovirus
infection in neuronal cultures also provides further evidence of bystand-
er apoptosis. In both MCC and NB4 cells dual labeling with immunocy-
tochemistry and TUNEL showed that although a great majority of infect-
ed cells were undergoing apoptosis there was also a subset of apoptotic
cells that were uninfected but located in proximity to virus-infected cells
(Richardson-Burns et al. 2002). Bystander apoptosis could result from
the release of TRAIL, or other death ligands, from reovirus-infected
cells. If this is the case, the amount of bystander apoptosis would reflect
the sensitivity of the surrounding cells to the released ligand.

Reovirus infection also induces increased caspase 8 activation in in-
fected neurons, indicating that neuronal apoptosis, like that in its epi-
thelial cell counterparts, involves DR activation (Richardson-Burns et al.
2002). However, the ligand-receptor trigger for this activation appears to
be less specific. Thus, whereas reovirus-induced apoptosis in HEK293
cells is selectively inhibited by blocking TRAIL ligand-receptor interac-
tion, reovirus-induced apoptosis in NB4 cells is inhibited by treating
cells with both soluble TRAIL receptors (Fc:DR5) and soluble TNF re-
ceptors (TNFR) (FcTNFR-1), and reovirus-induced apoptosis in MCCs
is inhibited by Fc:TNFR-1 and Fc:FasL.

Mitochondrial apoptotic pathways are also activated after reovirus in-
fection of neurons. Preliminary studies indicate that proapoptotic Bcl-2
family proteins, including Bid, Bax, and Bim, are activated in virus-in-
fected neurons, resulting in the release of proapoptotic mitochondrial
factors. However, there are again differences between mitochondrial sig-
naling pathways activated after reovirus infection of neuronal and epi-
thelial cells. In HEK293 cells, reovirus infection is associated with robust
release of cytochrome ¢ and smac and the subsequent activation of cas-
pase 9 and inhibition of cellular IAPs. In neuronal cultures, however, our
preliminary results indicate that reovirus infection results in the discor-
dant release of smac and cytochrome c. Smac is released around 17 h PI
and coincides with the cleavage of cellular IAPs. In contrast, cytochrome
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c release occurs only at low levels and at later times after infection, re-
sulting in only low levels of activation of caspase 9 in these cells (Rich-
ardson-Burns et al. 2002). Consistent with these findings, the caspase 9
inhibitor Z-LEHD-FMK has little effect on reovirus-induced neuronal
apoptosis, which is significantly inhibited by caspase 8 (Z-IETD-FMK),
caspase 3 (Z-DEVD-FMK), or pan-caspase inhibitors.

10
Reovirus-Induced Apoptosis in the Heart

The T1L X T3D reassortant virus 8B efficiently produces myocarditis in
infected neonatal mice. Similar to results seen in mouse brain, DNA ex-
tracted from the hearts of 8B-infected mice is fragmented into oligonu-
cleosomal-length ladders, indicative of apoptosis (DeBiasi et al. 2001)
and areas of TUNEL-positive cells in 8B-infected hearts correlates with
areas of histological damage and reovirus antigen (DeBiasi et al. 2001).
Injury to the heart following reovirus infection occurrs in the absence of
an inflammatory response, also suggesting that it results from apoptotic
cell death (DeBiasi et al. 2001).

Treatment of mice with the calpain inhibitor CX295 [dipeptide o-ke-
toamide calpain inhibitor z-Leu-aminobutyric acid-CONH(CH,)-3-mor-
pholine] is protective against reovirus-induced myocarditis and results
in a dramatic reduction in histopathologic evidence of myocardial injury
(Fig. 3), a reduction in serum creatine phosphokinase (an intracellular
enzyme whose release into the serum is a quantitative marker of skeletal
and cardiac muscle damage), and improved weight gain (DeBiasi et al.
2001).

Prevention of myocardial injury by apoptosis inhibitors is accompa-
nied by a virtually complete inhibition of apoptotic myocardial cell
death, strongly suggesting that virus-induced apoptosis is a key mecha-
nism of cell death, tissue injury, and mortality in reovirus-infected mice
and that inhibitors of apoptosis may prove useful in the treatment of vi-
rus-induced diseases (DeBiasi et al. 2001).

1
Apoptosis and Viral Growth

Early studies showed that there is little correlation in continuous non-
neuronal cell lines between the efficiency with which reovirus strains
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Fig. 3 Cardiac midsections from reovirus 8B-infected neonatal mice treated with the
calpain inhibitor CX295 (B, D, F, and H) compared to those from inactive diluent
control mice (A, C, E, and G) 7 days after intramuscular inoculation with 1,000 PFU
of reovirus 8B. Hematoxylin and eosin-stained sections at an original magnification
of x25 reveal extensive focal areas of myocardial injury (arrows) in the control ani-
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replicate and their capacity to induce apoptosis. For example, T1L and
T3D grow to approximately equivalent titers in L929 fibroblasts, yet T3D
induces significantly more apoptosis (Tyler et al. 1995). Similarly, T1L
grows better than T3D in MDCK cells, yet again T3D induces signifi-
cantly more apoptosis (Rodgers et al. 1997).

111
The Effects of Virus Replication and Growth on Apoptosis

In HeLa cells, viral RNA synthesis is not required for reovirus-induced
apoptosis because the viral RNA synthesis inhibitor ribavirin does not
prevent apoptosis (Connolly and Dermody 2002). In addition, particles
lacking genomic dsRNA can induce apoptosis in HeLa cells, and ts reovi-
rus mutants with mutations resulting in defects in outer capsid assembly
(tsB352/L2 gene), and in dsRNA synthesis (tsD357/L1 gene, tsE320/S3
gene), are capable of inducing similar levels of apoptosis at both nonper-
missive (39°C) and permissive (32°C) temperatures. Temperature-sensi-
tive mutants with defects in viral core (tsC447/S2 gene) and outer capsid
assembly (#sG453/S4 gene) also still induce apoptosis at 39°C, but only
about half as efficiently as they do at 32°C (Connolly and Dermody
2002).

Because all these ts mutants undergo endosomal processing, their
ability to induce apoptosis is consistent with a key role for endosomal
vesicle-related events in apoptosis induction. However, the fact that as-
sembly defects can influence the efficiency of this process suggests that
additional viral growth-related factors are also involved. Furthermore,
UV-inactivated virions, which are not transcriptionally active, were 100
times less apoptotic than their T3D derivative in 1929 cells (Tyler et al.
1995) and ribavirin inhibits reovirus-induced apoptosis after T3A-infec-
tion of HEK293 cells (Clarke et al. 2003a). Together these results suggest

<

mal (A), which are absent in the CX295-treated animal (B), despite identical viral in-
fections. Views at an original magnification of x50 demonstrate minimal inflamma-
tory cell infiltrate in the affected area (C), but myocardial architecture is dramatical-
ly disrupted, compared to that of a CX295-treated mouse (D). At an original magni-
fication of X100, nuclei with apoptotic morphology are easily seen in the control an-
imal (E) as are cells with pyknotic nuclei (long arrows) as well as apoptotic bodies
(short arrows). These characteristics are absent in the drug-treated mouse (F).
TUNEL analysis of the control animal reveals extensive areas of positively staining
cells in the same regions of injury (G) but no TUNEL-positive areas in the drug-
treated mouse. (With permission from DeBiasi et al. 2001)
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that viral replication enhances, but is not absolutely required for, virus-
induced apoptosis.

11.2
Effect of Apoptosis on Viral Growth

In several systems inhibition of apoptosis leads to a modest but repro-
ducible decrease in viral titer in reovirus T3-infected cells. Thus a five-
fold reduction in viral yield was observed in L929 cells treated with an
inhibitor of calpain activity compared to untreated cells (DeBiasi et al.
1999). Similarly, in p50 or p65_/ ~ immortalized fibroblasts, a two- to
fivefold reduction in viral yield was seen, compared to wild-type cells
(Connolly et al. 2000). Both of these treatments resulted in a significant
inhibition of reovirus-induced apoptosis.

Treatment of mice with inhibitors of apoptosis also results in a reduc-
tion in viral growth. Ergo, after treatment with an inhibitor of calpain, a
reduction of 0.5 log;o PFU/ml was observed at the site of primary repli-
cation primary (hindlimb), whereas a 0.7 log;o PFU/ml reduction was
observed in the heart (DeBiasi et al. 2001). Our preliminary results indi-
cate that chemical inhibition of caspase 3 produced similar effects on vi-
ral replication. However, in caspase 3-deficient mice, nearly a 2 log re-
duction was noted, compared to wild-type and heterozygous controls.
As expected, treatment with these inhibitors and infection of caspase 3-
deficient mice resulted in a marked decrease in apoptosis in infected tis-
sues.

In a recent study, reovirus growth and apoptosis were determined af-
ter infection with reovirus variant K (VarK), which is an antigenic vari-
ant of T3D that has nearly a millionfold reduction in neurovirulence af-
ter intracerebral (IC) inoculation and a restricted pattern of CNS injury,
with damage limited to the hippocampus (Richardson-Borns et al.
2004). It was found that VarK grew to similar titer as T3D in the hippo-
campus but had significantly lower titer in the cortex. Similarly, whereas
the viruses grew to identical titers and infected the same percentage of
cells in mouse primary hippocampal cultures (MHC), both the number
of infected cells and the viral yield per infected cell were significantly
lower for VarK than T3D in mouse primary cortical cultures (MCC).
Like growth, VarK-induced apoptosis was limited to the hippocampus in
vivo and to MHC in vitro. As expected (see above), growth of T3D in
MCC was reduced to levels comparable to VarK after treatment of MCC
with caspase inhibitors. However, also of note was the finding that in-
duction of apoptosis in VarK-infected MCC with Fas-activating antibody
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significantly enhanced viral yield. These results thus suggest that the de-
creased growth and neurovirulence of VarK may be due to its failure to
efficiently induce apoptosis in cortical neurons.

Together these results suggest that reovirus-induced apoptosis is re-
quired for maximal viral growth.

12
Conclusions and Future Directions

Significant discoveries have been made regarding the mechanisms of
and the requirement of apoptosis following reovirus infection. However,
much still remains to be determined. For example, we now know that
many individual apoptotic signaling pathways play a role in reovirus-in-
duced apoptosis but our understanding of the regulation of these path-
ways and the way in which these pathways interact is much less clear.

In addition, some apoptotic signaling events are cell type specific,
making the confirmation of apoptotic signaling pathways in primary
cells and infected tissues critical for our evaluation both of the role of
reovirus-induced apoptosis in vivo and of the use of apoptosis inhibitors
as a novel strategy for limiting virus-induced tissue damage.
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Abstract Poliovirus (PV) is the causal agent of paralytic poliomyelitis, an acute dis-
ease of the central nervous system (CNS) resulting in flaccid paralysis. The develop-
ment of new animal and cell models has allowed the key steps of the pathogenesis of
poliomyelitis to be investigated at the molecular level. In particular, it has been
shown that PV-induced apoptosis is an important component of the tissue injury in
the CNS of infected mice, which leads to paralysis. In this review the molecular biol-
ogy of PV and the pathogenesis of poliomyelitis are briefly described, and then sev-
eral models of PV-induced apoptosis are considered; the role of the cellular receptor
of PV, CD155, in the modulation of apoptosis is also addressed.

Poliovirus (PV) is the causal agent of paralytic poliomyelitis, an acute
disease of the central nervous system (CNS) resulting in flaccid paraly-
sis. In addition, another neuromuscular pathology, called the post-polio
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syndrome, affects some poliomyelitis survivors several decades after the
most severe forms of the acute disease (Dalakas 1995). A killed vaccine
and an oral live attenuated vaccine were both developed in the 1950s
(Salk 1955; Sabin and Boulger 1973), and subsequent massive vaccina-
tion campaigns resulted in near-total eradication of wild-type PV from
industrialized countries. However, wild strains are currently still endem-
ic in a few countries in South-East Asia and Africa. Moreover, oral polio
vaccine strains are genetically unstable in vaccinees, who excrete neuro-
virulent vaccine-derived PV (VDPV) mutants. Consequently, there are
two problems complicating the eradication of poliomyelitis, both due to
the emergence of VDPV mutants. First, in very rare cases, VDPV causes
chronic infections in the gut of immunodeficient individuals, in particu-
lar agammaglobulinemics. Chronically infected patients can excrete neu-
rovirulent VDPV for up to 22 years (Martin et al. 2000; MacLennan et al.
2004). Second, there have been recent poliomyelitis outbreaks due to
VDPV strains in four regions of the world (Egypt, Hispaniola, the
Philippines, and Madagascar) (Centers for Disease Control and Preven-
tion 2001, 2002; Kew et al. 2002; Rousset et al. 2003; Yang et al. 2003).
These iatrogenic epidemics reveal that these particular VDPV can circu-
late; therefore they have been named cVDPV. All of the cVDPV responsi-
ble for these epidemics have a recombinant genome including mutated
vaccine PV sequences and unidentified human enterovirus sequences
belonging to the same phylogenetic cluster, cluster C, as PV (Centers for
Disease Control and Prevention 2001, 2002; Kew et al. 2002; Rousset et
al. 2003; Yang et al. 2003).

PV is an enterovirus belonging to the Picornaviridae family that is
one of the most important groups of human and animal pathogens. This
family also includes human hepatitis A virus, human rhinoviruses, the
agents of the common cold, and foot-and-mouth disease virus. PV is
classified into three serotypes (PV-1, PV-2, and PV-3). Because of its
very simple structure, PV has been used as a model for studying non-
retroviral RNA viruses, and consequently PV is now one of the best-
characterized animal viruses. The development of new animal and cell
models, together with the identification of the virus receptor CD155, has
allowed the key steps of the pathogenesis of poliomyelitis to be investi-
gated at the molecular level (reviewed by Blondel et al. 1998). In particu-
lar, the involvement of PV-induced apoptosis in CNS injury has been
studied (see below).

Apoptosis is an active process of cell death that occurs in response to
various stimuli, including viral infection (Roulston et al. 1999). It in-
volves a number of distinct morphological and biochemical features,
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such as cell shrinkage, translocation of phosphatidylserine from the in-
ner to the outer surface of the cell membrane, plasma membrane bleb-
bing, chromatin condensation, loss of the inner mitochondrial trans-
membrane potential, and internucleosomal DNA cleavage. These chang-
es are mediated in particular by a family of proteases called caspases
(cysteine proteases with aspartate specificity) (Earnshaw et al. 1999).
The apoptotic pathways leading to cell death can be generally divided
into two nonexclusive signaling cascades, one involving death receptors
(extrinsic pathway) and the other involving mitochondria (intrinsic
pathway) (Kaufmann and Hengartner 2001).

The death receptor pathway is activated by the binding of ligand
[such as tumor necrosis factor (TNF) family death ligands] to the mem-
brane receptor. This leads to the formation of the death-inducing signal-
ing complex (DISC),which allows caspase-8 and/or caspase-10 autoacti-
vation followed by caspase-3 activation (Wallach 1997; Ashkenazi and
Dixit 1998). Caspase-3 activation results in the activation of both critical
DNA repair enzymes including poly-ADP ribose polymerase (PARP)
and specific endonucleases. Ultimately, DNA cleavage and nuclear col-
lapse occur.

Apoptosis via the mitochondrial pathway involves specific cellular
stress, such as viral infection signals, that leads to the loss of the mito-
chondrial transmembrane potential and release of proapoptotic mole-
cules such as cytochrome ¢ from mitochondria to the cytosol (Green
and Amarante-Mendes 1998; Desagher and Martinou 2000). Loss of mi-
tochondrial transmembrane potential is regulated by members of the
Bcl-2 family, which exist as heterodimers in the cell. Some, such as Bcl-2
and Bcl-XL, inhibit apoptosis, whereas others, including Bax, Bak, and
Bid, induce apoptosis. Bcl-2 family proteins act on the mitochondrial
voltage-dependent channel (mitochondrial porin). Bax and Bak open
this channel, resulting in the release of cytochrome c. In the cytosol, cy-
tochrome ¢ forms a caspase-activating complex by interaction with
Apaf-1 (apoptosis protease-activating factor 1) and pro-caspase-9. This
event triggers caspase-9 activation and initiates the apoptotic cascade by
processing executive caspase-3. However, the mitochondrial pathway
does not have an absolute requirement for caspase activation, as factors
such as apoptosis-inducing factor (AIF) can induce apoptosis without
caspase activation (Thornberry and Lazebnik 1998).

Apoptosis may be a process exploited by the virus to spread to neigh-
boring cells, to protect progeny virus from host immune defenses, and
to avoid an inflammatory response (Teodoro and Branton 1997; O’Brien
1998).
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In this review we briefly describe the molecular biology of PV and the
pathogenesis of poliomyelitis, and then consider several models of PV-
induced apoptosis; we will also address the role of the cellular receptor
of PV, CD155, in the modulation of apoptosis.

1
Poliovirus

1.1
Structure of the Virion

The PV is composed of a single-stranded RNA genome of positive polar-
ity surrounded by a nonenveloped icosahedral protein capsid. The ma-
ture virion is approximately 30 nm in diameter, and the three-dimen-
sional structures of the three serotypes of PV have been determined by
X-ray crystallography (Hogle et al. 1985; Filman et al. 1989; Lentz et al.
1997). The capsid consists of 60 copies of each of the four viral structur-
al proteins, VP1 to VP4 (Fig. 1A). A deep surface depression, called the
“canyon”, surrounds each fivefold axis of symmetry and contains the site
for cell receptor binding (Colston and Racaniello 1994, 1995; Belnap et
al. 2000; He et al. 2000).

The PV RNA genome is about 7,500 nucleotides long (Fig. 1B). It is
poly-adenylated at its 3’-terminus and covalently linked to a small viral
protein, VPg (3B), at its 5'-terminus (for review see Racaniello 2001). It
contains a long 5 noncoding region (NCR) followed by a single large
open reading frame (ORF) and a short 3’ NCR that includes the poly(A)
tail. The ORF is translated to produce a 247-kDa polyprotein that is pro-
cessed into three large precursors of structural (P1) and nonstructural
(P2 and P3) proteins (Fig. 1B).

1.2
PV Receptor

The human PV receptor, CD155, and its simian counterparts are mem-
bers of the immunoglobulin superfamily (Mendelsohn et al. 1989; Koike
et al. 1990, 1992). They are related to the nectin family of adhesion mole-
cules found at intercellular junctions (Eberle et al. 1995a; Lopez et al.
1995; Takahashi et al. 1999). CD155 is predicted to contain three extra-
cellular Ig-like domains in the order V-C2-C2, followed by a transmem-
brane region and a short cytoplasmic tail. There are four isoforms of
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Fig. 1 A Schematic structure of the PV capsid. The two-, three- and fivefold axes of
symmetry and the positions of capsid proteins VP1, VP2, and VP3 are indicated for
one protomer. Five molecules of VP1 surround the fivefold axis of symmetry, where-
as VP2 and VP3 alternate around the threefold axis of symmetry; VP4 is exclusively
internal. The depression surrounding the fivefold axis, called the canyon, is formed
by residues of VP1, VP2, and VP3, and contains the site for cell receptor binding.
(Adapted from Hogle et al. 1985). B Genetic organization of PV-1/Mahoney. The 5’
and 3’ noncoding regions, indicated as 5’ NCR and 3'NCR, respectively, flank the sin-
gle open-reading frame, encoding the polyprotein, which is shown as an elongated
rectangle. The protein precursors P1, P2, and P3, are designated by arrows above the
genome. The viral proteins are indicated in the rectangles. The small viral protein
VPg is covalently linked to the 5’ end of the RNA genome. Proteolytic cleavages oc-
cur between the amino acid pairs Asn-Ser, Gln-Gly, and Tyr-Gly, as indicated by
empty, solid, and cross-hatched arrowheads, respectively. The cleavage sites of pro-
teases 2A, 3CD, and 3C are shown. The mechanism of cleavage of the precursor VP0
giving VP4 and VP2 is not known. (Adapted from Kitamura et al. 1981)
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CD155: Two of them (S and y), lacking the transmembrane domain, are
secreted, and the other two (o and J) are membrane-bound proteins that
can serve as PV receptors. The a and ¢ isoforms differ by the length of
the intracytoplasmic part of the protein (Koike et al. 1990). The binding
site for PV has been mapped to the N-terminal, V-like, extracellular Ig
domain (domain 1) (Koike et al. 1991a; Aoki et al. 1994; Bernhardt et al.
1994; Morrison et al. 1994; Belnap et al. 2000; He et al. 2000). In human
epithelial HeLa cells, two different bases (G and A) have been found at
nucleotide position 199 in the mRNA encoding CD155 (Mendelsohn et
al. 1989; Koike et al. 1990). Consequently, amino acid position 67, within
domain 1 of CD155, is either Ala or Thr. Both of these CD155 forms have
been found in humans (Karttunen et al. 2003; Saunderson et al. 2004),
suggesting that CD155 with a Thr residue at amino acid position 67 is
an allelic form of CD155.

In epithelial cells, the cytoplasmic domain of CD155 binds the y1B
subunit of the clathrin adaptor complex, and this interaction is respon-
sible for sorting the CD155¢ isotype protein to basolateral membranes
(Ohka et al. 2001). In contrast, CD1555 isotype is sorted to both the ba-
solateral and apical surfaces (Ohka et al. 2001). These observations are
consistent with CD155 being preferentially expressed on basolateral sur-
faces of human enterocytes, although it is also expressed on apical and
lateral surfaces (Iwasaki et al. 2002). Similarly, CD155 expression is
stronger on the basal side of M cells than on the apical side (Iwasaki et
al. 2002).

The ectodomain of CD155 establishes cell-matrix contacts by interac-
tion with vitronectin (Lange et al. 2001), as does the integrin o, 83, and
both proteins colocalize in microdomains on transfected mouse fibro-
blasts (Mueller and Wimmer 2003). CD155 also binds to nectin-3 ecto-
domain (Fabre et al. 2002). This interaction depends on dimerization of
CD155, promoted by cell type-specific factors (Mueller and Wimmer
2003). Thus there may be trans-interaction between the bona fide cell-
cell adherens type adhesion system (cadherin/nectin) and the cell-ma-
trix adhesion system (integrin/CD155) by virtue of their nectin-3 and
CD155 components, respectively (Mueller and Wimmer 2003).

In the CNS, expression of CD155 is activated by the secreted morpho-
gen sonic hedgehog protein (Solecki et al. 2002). Both the expression of
CD155 and vitronectin production are associated with regions of the
CNS involved in the differentiation of motor neurons during embryonic
development (Martinez-Moralez et al. 1997; Gromeier et al. 2000b). The
short cytoplasmic domain of CD155 interacts with Tctex-1, a light chain
subunit of dynein motor complex (Ohka and Nomoto 2001; Mueller et
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Fig. 2 Model of retrograde axonal transport of PV. A neuron, with an enlarged por-
tion of the axon, is shown. The cytoplasmic domain of CD155 interacts with the light
chain Tctex-1 (in gray) of the dynein motor complex, and the virus enclosed in en-
docytic vesicles is transported along microtubules by fast retrograde axonal trans-
port. (Adapted from Ohka and Nomoto 2001; Mueller et al. 2002)

al. 2002; Ohka et al. 2004). This interaction is thought to mediate retro-
grade axonal transport of endocytic vesicles containing CD155. This
mechanism could therefore be responsible for the fast retrograde axonal
transport of PV-CD155 complexes (Fig. 2).

CD155 (and nectin-2) also specifically induce NK cell activation
by interacting with DNAM-1 (the leukocyte adhesion molecule DNAX
accessory molecule-1), also called CD226 (Bottino et al. 2003). The sur-
face expression of CD155 (or nectin-2) in cell transfectants results in
DNAM-1-dependent enhancement of interleukin (IL)-2-activated T and
NK cell-mediated cytotoxicity (Bottino et al. 2003; Tahara-Hanaoka et
al. 2004). In addition, it has recently been shown that CD96, also named
Tactile (for T cell-activated increased late expression), is another NK cell
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receptor for CD155 (Fuchs et al. 2004). CD96 promotes NK cell adhesion
to CD155-expressing cells and stimulates activated NK cell cytotoxicity
(Fuchs et al. 2004). NK cells have thus evolved a dual receptor system to
recognize nectin-2 and nectin-like (CD155) molecules. CD155 is highly
expressed in certain human tumors, including colorectal carcinoma
(Masson et al. 2001) and malignant gliomas (Gromeier et al. 2000a). It is
possible that this receptor is essential for NK cell recognition of tumors
(Fuchs et al. 2004).

Despite these numerous data, the cellular role of CD155, in particular
in the CNS, is not completely elucidated.

13
Viral Cycle

In vitro, PV multiplies exclusively in primate cell lines (either human or
simian). The viral cycle of PV (Fig. 3) proceeds entirely in the cytoplasm
of the host cell (Racaniello 2001). It is one of the fastest known viral cy-
cles, lasting approximately 8 h at 37°C in cell culture.
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The initial event of the viral cycle is attachment of the virion to the
receptor, CD155: This receptor is only found on the surface of primate
cells. PV binding to CD155 destabilizes the virion and induces the con-
formational modifications required for RNA release (Hogle 2002). The
uncoating intermediates may be VP4-free particles, named A particles,
because they are the major cell-associated form and remain infectious
under particular conditions (Hogle 2002; Hogle and Racaniello 2002).
Other uncoating intermediates have recently been proposed: VP4-con-
taining particles such as those accumulating following interaction of PV
with soluble CD155 receptor forms at high concentration (Duncan et al.
1998; Duncan and Colbére-Garapin 1999; Pelletier et al. 2003).

After PV RNA has been released into the cytoplasm of infected cells,
translation of PV RNA is initiated by the binding of ribosomes to a
highly structured region in the 5" NCR, called the internal ribosomal en-
try site (IRES) (Ehrenfeld and Teterina 2002). Efficient IRES-dependent
translation of PV RNA requires IRES-specific cellular factors as well as
canonical initiation factors (Jackson 2002). Translation produces the
large polyprotein, which is processed co- and posttranslationally by viral
proteases 3C, its precursor 3CD, and 2A. This releases the structural and
nonstructural proteins responsible for the proteolytic activities, RNA
synthesis, and biochemical and structural changes that occur in the in-
fected cell.

Viral RNA replicates on the surface of membranous vesicles that bud
from various host cell organelles (Carrasco et al. 2002; Egger et al. 2002).
RNA is replicated by the viral RNA-dependent RNA polymerase 3Dpol,
but most of the other PV nonstructural proteins and cellular factors are
also involved in viral RNA synthesis. RNA replication starts with the for-
mation of a complementary negative-stranded RNA molecule, which
serves as the template for the synthesis of progeny positive-stranded vi-
ral RNAs (Xiang et al. 1997; Andino et al. 1999; Gromeier et al. 1999;
Paul 2002).

The formation of viral particles seems to be coupled to RNA synthesis
(Hellen and Wimmer 1995; Ansardi et al. 1996; Nugent et al. 1999). VPO
(the precursor of VP2 and VP4), VP1, and VP3 aggregate with the viral
RNA to form the provirion (Hogle 2002; Hogle and Racaniello 2002).
During the last step of virus assembly, VPO is cleaved by an unknown
mechanism to give VP2 and VP4. Once assembled, the virions accumu-
late in the cytoplasm of infected cells in the form of crystalline inclu-
sions, which are liberated by the bursting of vacuoles at the cell surface
(Dunnebacke et al. 1969; Bienz et al. 1973). Vectorial release has been
described in polarized human intestinal epithelial cells (Tucker et al.
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1993). The massive release of new progeny virions occurs during cell ly-
sis (Lwoff et al. 1955).

14
Effect of PV Replication on the Host Cell

As PV infection progresses in vitro, the host cell undergoes substantial
metabolic and morphological changes commonly referred to as cyto-
pathic effects (Haller and Semler 1995; Schlegel et al. 1996; Carrasco et
al. 2002).

Early in the infectious cycle, PV proteases mediate the shutoff of both
host cell transcription and translation (Dasgupta et al. 2002; Kuechler et
al. 2002; Zamora et al. 2002). Both genetic and biochemical studies have
shown that the virus-encoded protease 3C cleaves the transcription fac-
tors (TF) and is directly responsible for the shutoff of host cell tran-
scription (Dasgupta et al. 2002). Four sequence-specific DNA binding
pol II TF are either cleaved or degraded in PV-infected cells: the TATA-
binding protein (TBP), the cyclic AMP-responsive element binding pro-
tein (CREB), the Octamer-binding factor (Oct-1), and the transcriptional
activator p53 (Clark and Dasgupta 1990; Clark et al. 1993; Yalamanchili
et al. 1996, 1997a,b; Weidman et al. 2001). Similarly, the pol III factor
TFIIIC, which interacts with pol III promoters, as well as the 110-kDa
TBP-associated factor (TAF 110), a subunit of the pol I factor SL-1, are
also cleaved in PV-infected cells (Rubinstein and Dasgupta 1989; Clark
et al. 1991; Rubinstein et al. 1992). The 2A and 3C proteases of PV cleave
or induce cleavage of factors involved in translation initiation, such as
elF4G, and poly(A)-binding protein (PABP), respectively, thus inhibiting
host cap-dependent mRNA translation (Etchison et al. 1982; Krédusslich
et al. 1987; Gradi et al. 1998; Joachims et al. 1999; Novoa and Carrasco
1999; Kuechler et al. 2002; Zamora et al. 2002; Kuyumcu-Martinez et al.
2004).

In addition, nonstructural proteins have large effects on host intracel-
lular membrane structure and function. Protein 2C induces membrane
vesiculation (Cho et al. 1994; Aldabe and Carrasco 1995; Teterina et al.
1997), and proteins 2B and 3A are each sufficient to inhibit protein traf-
fic through the host secretory pathway (Doedens and Kirkegaard 1995;
Doedens et al. 1997; Dodd et al. 2001; Neznanov et al. 2001). Of note, 3A
limits IL-6, IL-8, and fB-interferon secretion (Dodd et al. 2001) and in-
hibits TNF receptor (Neznanov et al. 2001, 2002) and MHCI-dependent
antigen presentation (Deitz et al. 2000) at the cell surface in PV-infected
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cells. The native immune response and inflammation could thus be re-
duced during PV infection.

Recent studies have also shown that PV infection can cause inhibition
of nuclear-cytoplasmic trafficking, leading to accumulation of nuclear
proteins in cytoplasm (Belov et al. 2000; Gustin and Sarnow 2001; Gustin
2003). Nuclear proteins, including the La autoantigen (Meerovitch et
al. 1989), Sam 68 (McBride et al. 1996), and nucleolin (Waggoner and
Sarnow 1998), accumulate in the cytoplasm of infected cells and interact
with either viral RNA or proteins encoded by the virus. The cytoplasmic
retention of La in PV-infected cells may, at least in part, be due to trun-
cation of La by the 3C protease, resulting in the loss of the nuclear loca-
tion sequence (NLS) (Shiroki et al. 1999). In the cytoplasm, La stimu-
lates IRES-mediated PV translation (Meerovitch et al. 1989).

Finally, PV infection can trigger the development of apoptosis, as de-
scribed below.

2
Pathogenesis of Poliomyelitis and Post-Polio Syndrome

The term poliomyelitis is derived from the Greek words polios, meaning
“gray,” and myelos, meaning “marrow,” referring to the fact that the dis-
ease results from the destruction of neurons in the gray matter of the an-
terior horn of the spinal cord.

Humans are the only natural host of PV, and infections with PV result
in poliomyelitis in only 1%-2% of cases. The virus is transmitted mainly
via the fecal-oral route or via droplets from the pharynx. After oral in-
gestion (Fig. 4), it infects the oropharynx and the gut, where it causes
few if any symptoms. Virus is excreted in the oropharyngeal secretions
and in the stool for several weeks (for review see Minor 1997; Gromeier
et al. 1999; Ohka and Nomoto 2001; Pallansch and Roos 2001). PV mul-
tiplies extensively in the tonsils and Peyer’s patches (Bodian 1955), but
the target cell where initial multiplication occurs is still unidentified. In
humans and some Old World monkeys, sensitivity to oral infection cor-
relates with CD155 expression in the intestinal epithelium, including the
follicle-associated epithelium and microfold M cells of Peyer’s patches,
and in follicular dendritic cells and B cells of germinal centers within
Peyer’s patches (Iwasaki et al. 2002). It has been demonstrated that PV
particles adhere specifically to and are endocytosed by human intestinal
M cells, suggesting that M cells in humans are the site of PV penetration
of the intestinal epithelial barrier (Sicinski et al. 1990). In agreement
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with this hypothesis, PV transcytosis is much more efficient in a cell cul-
ture model of enterocytes containing M-like cells than in enterocytes
cultured alone (Ouzilou et al. 2002). Direct delivery of virions by M cells
to underlying mucosa-associated lymphoid tissue implicates immune
cells as candidates for PV transport to mesenteric lymph nodes. The
ability of PV to replicate in mononuclear phagocytic cells from the
blood (Freistadt et al. 1993; Eberle et al. 1995b; Freistadt and Eberle
2000) suggests that resident phagocytic cells in the tonsils and the
Peyer’s patches may harbor the initial rounds of PV replication. Howev-
er, translocated PV may also infect enterocytes through their basal,
CD155-covered face. The vectorial release of PV from the apical surface
of human intestinal epithelial cells, toward the lumen, is consistent with
dissemination of progeny virus into the gut (Tucker et al. 1993).

The virus is released from lymphoid tissues into the bloodstream.
In a minority of cases, this results in viral spread to other tissues, ampli-
fying the viremia. The circulating virus invades the CNS probably
through the blood-brain barrier and, at least in mice, this does not re-
quire CD155 (Yang et al. 1997). Infected mononuclear phagocytic cells
that shuttle the blood-brain barrier may introduce PV into the CNS
(Freistadt et al. 1993).
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Retrograde axonal transport has also been suspected to have occurred
in PV-inoculated primates (Bodian 1955), in humans in a series of cases
of iatrogenic poliomyelitis known as the “Cutter incident” (Nathanson
and Langmuir 1963), and in children receiving intramuscular injection
within a few weeks after oral vaccination (“provocation” poliomyelitis)
(Strebel et al. 1995). This pathway has found strong support in experi-
ments with Tg-CD155 mice (Ren and Racaniello 1992; Gromeier and
Wimmer 1998; Ohka et al. 1998). Thus PV may enter the CNS by the ret-
rograde axonal pathway (Bodian 1955; Nathanson and Langmuir 1963;
Ren and Racaniello 1992; Gromeier and Wimmer 1998; Ohka et al. 1998;
Ohka and Nomoto 2001; Gromeier and Nomoto 2002). It has been pro-
posed that, while the virus remains attached to the receptor, the cyto-
plasmic tail of CD155 interacts with Tctex-1, the latter mediating retro-
grade transport of the endocytic vesicle via the dynein complex to the
motor neuron cell body (Ohka and Nomoto 2001; Mueller et al. 2002;
Ohka et al. 2004) (Fig. 2).

In the CNS, the main target cell of PV is the motor neuron of the spi-
nal cord and the brain stem (Bodian 1955), and PV probably travels by
cell-to-cell spread (Ponnuraj et al. 1998). The destruction of motor neu-
rons, a consequence of PV replication, results in paralysis. Studies with
mice transgenic for the PV receptor molecule CD155 (Tg-CD155) have
shown that the specific tropism for motor neurons is a consequence of
their expression of CD155. When CD155 is expressed under the control
of a heterologous promoter in transgenic mice, the pathology induced
by PV is substantially modified: PV can infect glial and ependymal cells
in addition to the neurons (Ida-Hosonuma et al. 2002). In this model,
paralysis of the limbs is rarely observed and mice survive without show-
ing subclinical abnormality: The immune response may be induced by
PV-infected nonneuronal cells to clear the virus before it can infect neu-
rons (Ida-Hosonuma et al. 2002).

After decades of clinical stability following acute paralytic poliomyeli-
tis, many patients develop a disease called post-polio syndrome, involv-
ing slowly progressive muscle weakness (Dalakas 1995). The presence of
PV RNA sequences or PV-related RNA (Leon-Monzon and Dalakas 1995;
Muir et al. 1995; Leparc-Goffart et al. 1996) and of anti-PV IgM antibod-
ies (Sharief et al. 1991) suggests that this syndrome may be a conse-
quence of PV persistence. Consistent with this hypothesis, PV can estab-
lish persistent infections in human cell cultures of neuronal origin (Col-
bére-Garapin et al. 1989, 2002; Pavio et al. 1996).

Monkeys and Tg-CDI155 mice are susceptible to wild strains of all
three PV serotypes after intracerebral or intraspinal inoculation (Ren et
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al. 1990; Koike et al. 1991b). In Tg-CD155 mice, infection of the CNS is
usually extensive and most often results in fatal poliomyelitis. Only a
small number of mouse-adapted PV strains are able to induce poliomy-
elitis in non-Tg-CD155 mice. We have isolated and characterized a PV
mutant pathogenic for mice, PV-1/Mah-T1022I (Couderc et al. 1993,
1996). Interestingly, this mutant induces paralytic poliomyelitis in Swiss
mice that is, as in humans, not always lethal. With this model, we have
shown that PV RNA and capsids persist in the CNS throughout the life
of animals (Destombes et al. 1997) and that PV RNA replication in the
CNS of persistently infected mice is restricted, mainly as a consequence
of inhibition of plus-strand RNA synthesis (Girard et al. 2002).

These animal models have been used to study principally the neuro-
logical phase of poliomyelitis, but mice are not suitable for study of the
digestive phase after oral infection. However, excretion of PV in the feces
has also been described after intraperitoneal injection of PV in Tg-
CD155 mice (Buisman et al. 2000; Boot et al. 2003). Recently, Tg-CD155
mouse models allowing infection by PV through the mucosal route have
been reported: These animals develop paralysis after intranasal inocula-
tion (Crotty et al. 2002; Nagata et al. 2004).

3
Poliovirus and Apoptosis

Cell damage in the CNS in response to virus infection can involve apop-
tosis (for exhaustive review see Griffin and Hardwick 1999; Roulston et
al. 1999; Levine 2002). This has been illustrated in vivo with a number of
human and murine neurotropic RNA viruses including HIV (Petito and
Roberts 1995), HTLV-1 (Umehara et al. 1994), reovirus (Oberhaus et al.
1997), rabies virus (Jackson and Rossiter 1997; Baloul and Lafon 2003),
measles virus (Manchester et al. 1999; Evlashev et al. 2000), dengue virus
(Despres et al. 1998), Sindbis virus (Levine et al. 1993; Lewis et al. 1996),
and Theiler murine encephalomyelitis virus (Tsunoda et al. 1997), a
member of the Picornaviridae family. Three other picornaviruses, Cox-
sackievirus B3 (Carthy et al. 1998), HAV (Brack et al. 1998), and entero-
virus 71 (Kuo et al. 2002; Li et al. 2002), induce apoptosis in cell cul-
tures.
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3.1
PV-Induced Apoptosis in Nerve Cells In Vivo and Ex Vivo

As stated above, PV-induced paralysis results from the destruction of
motor neurons, but the process leading to the death of neurons was un-
known until recently.

Work with mouse models (Tg-CD155 and non-Tg mice) has shown
that PV-infected motor neurons in the spinal cord die by apoptosis
(Fig. 5): The extent of apoptosis correlates with viral load, and its onset
coincides with that of paralysis (Girard et al. 1999). Moreover, CNS inju-
ry may be enhanced by apoptosis in uninfected nonneuronal cells, prob-
ably glial or inflammatory cells, contiguous to the PV-infected neurons
(Girard et al. 1999). PV-induced apoptosis is therefore an important
component of the tissue injury in the CNS of infected mice that leads to
paralysis.

To investigate PV-induced apoptosis in nerve cells, cultures of mixed
mouse primary nerve cells from the cerebral cortex of Tg-CD155 mice
have been developed (Couderc et al. 2002). These cultures contain all
three main cell types of the CNS, i.e., neurons, astrocytes, and oligoden-
drocytes. All of these cell types are susceptible to PV infection, and viral
replication leads to the DNA fragmentation characteristic of apoptosis
(Couderc et al. 2002). Furthermore, PV-induced apoptosis in this model

Fig. 5 PV-infected motor neurons (immunofluorescence labeling for viral antigen,
white) with an apoptotic nucleus (terminal deoxynucleotidyltransferase-mediated
dUTP nick end labeling, dark) in the mouse spinal cord. Bar, 20 um
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involves caspases. Interestingly, in contrast to the observations in vivo,
mixed primary nerve cell cultures harbor PV-infected glial cells in addi-
tion to PV-infected neurons. This confirms previous data obtained in
human primary fetal brain cells (Pavio et al. 1996), and the discrepancy
could be due to a difference in the expression of CD155 ex vivo and in
vivo. Indeed, it was shown recently that glial and ependymal cells ex-
pressing CD155 in a new Tg-CD155 mouse model became susceptible to
PV infection (Ida-Hosonuma et al. 2002). Cultures of mixed mouse pri-
mary nerve cells could serve as a model for investigations of the molec-
ular mechanisms of PV-induced apoptosis in nerve cells and lead to the
identification of specific neuronal pathways.

3.2
PV-Induced Apoptosis In Vitro

PV can trigger apoptosis in human tissue cultures of colon carcinoma
cells (Caco-2) and promonocytic cells (U937) (Ammendolia et al. 1999;
Lopez-Guerrero et al. 2000; Calandria and Lopez-Guerrero 2002). If ente-
rocytes and monocytic cells are indeed infected by PV during viral in-
fection in humans, PV-induced apoptosis in these two target cells could
allow the virus to reach the CNS with only a limited activation of im-
mune inflammatory responses.

In a subline of human epithelial cells (HeLa), Tolskaya et al. showed
that no apoptotic reaction occurs after productive PV infection. In con-
trast, apoptosis can develop after nonpermissive infection with various
PV mutants (guanidine-sensitive, guanidine-dependent, or temperature-
sensitive mutants) (Tolskaya et al. 1995). In permissive conditions, apop-
tosis induced by apoptotic inducers, such as metabolic inhibitors, is
suppressed by PV infection (Tolskaya et al. 1995; Koyama et al. 2001).
Therefore, PV appears to encode two separate functions, which have op-
posite effects: one triggering and the other suppressing apoptosis. Agol
et al. proposed a model in which during the productive PV infection, the
commitment of cells switches in the middle of the viral cycle from apop-
tosis to an antiapoptotic state and cytopathic effect (Agol et al. 2000).
Analysis of specific apoptotic pathways in this model suggested that ear-
ly PV-induced apoptosis results in translocation of cytochrome ¢ from
mitochondria to the cytosol and thus activates caspase-9 and caspase-3
(Belov et al. 2003). The apoptotic signal may then be amplified by a
loop, which includes activation of Bid, a proapoptotic member of the
Bcl-2 family (Belov et al. 2003). The subsequent suppression of the apop-
totic program in this subline of HeLa cells may be due, at least in part,
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to aberrant processing and degradation of pro-caspase-9 (Belov et al.
2003).

Expression of either PV protease 2A or 3C is sufficient to trigger ap-
optosis (Barco et al. 2000; Goldstaub et al. 2000), suggesting that PV pro-
teases are able to activate an endogenous cell suicide program. Similarly,
the 2A and 3C proteases encoded by another neurotropic enterovirus,
enterovirus 71, induce cell apoptosis (Kuo et al. 2002; Li et al. 2002). Ap-
optosis induced by 3C seems to depend on the caspase pathway (Barco
et al. 2000), whereas 2A-induced apoptosis may be caspase independent
(Goldstaub et al. 2000). When elucidating the exact molecular mecha-
nism used by 3C to provoke apoptosis it should be remembered that this
protease cleaves a variety of host proteins, including transcription fac-
tors (Clark et al. 1991, 1993; Carrasco et al. 2002) and the cytoskeletal
protein MAP4 (Joachims et al. 1995). Cleavage of these proteins could
thus trigger apoptosis via a transcriptional inhibition mechanism or cy-
toskeleton changes, respectively. Protease 2A is involved in the cleavage
of elF4GI, elF4GII, and PABP, which are factors involved in cellular pro-
tein synthesis activity (Etchison et al. 1982; Joachims et al. 1999; Gold-
staub et al. 2000). Consequently, the PV protease 2A may induce apopto-
sis by arresting cap-dependent translation of particular cellular mRNAs
encoding proteins that are required for maintaining cellular viability. Al-
ternatively, the protease 2A may induce apoptosis by allowing preferen-
tial cap-independent translation of cellular mRNAs encoding proteins
that induce apoptosis. Proteases 2A and 3C may also trigger the apoptot-
ic process via the cleavage of other unidentified cellular substrates.

Double-stranded PV RNAs generated during viral replication may
also trigger apoptosis in HeLa cells, under conditions of permissive PV
infection, through activation of interferon, 2’-5'-oligoadenylate synthe-
tase (OAS), and RNase L (Castelli et al. 1997, 1998a,b).

PV-mediated suppression of apoptosis may involve other mechanisms
in addition to pro-caspase-9 degradation. Expression of 3A specifically
suppresses the host secretory pathway, resulting notably in the loss from
the cell surface of TNF receptor and receptors for various other cy-
tokines (Dodd et al. 2001; Neznanov et al. 2001, 2002). This causes a de-
crease in cell sensitivity to these cytokines and thus may be another in-
direct mechanism preventing apoptosis. Furthermore, although expres-
sion of PV protease 3C induces apoptosis (Barco et al. 2000), it may also
be able to delay or prevent apoptosis as it mediates the degradation of
the transcriptional activator and tumor suppressor p53 (Weidman et al.
2001).
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3.3
CD155 and Apoptosis

PV can establish persistent infections in cells of neural origin (neuro-
blastoma cells) and in human fetal brain cell cultures (Colbére-Garapin
et al. 1989, 2002; Pavio et al. 1996). During persistent infection in human
neuroblastoma IMR-32 cells, specific mutations are selected in CD155
that affect domain 1, the binding site for PV (Pavio et al. 2000). These
mutations include the Ala 67—Thr substitution, corresponding to a
switch from one allelic form of the PV receptor to the other form previ-
ously identified. This mutated form of CD155 is not expressed in paren-
tal IMR-32 cells. A role for CD155 in cell cytopathic effects has been sug-
gested, with mutated forms of CD155 generated by site-directed muta-
genesis affecting residues in domain 1 (Morrison et al. 1994). To investi-
gate the effect of the mutations selected during persistent infection on
cell susceptibility to PV-induced cytopathic effects, the two forms of PV
receptors, mutated (CD155ty67), and nonmutated (CD155yR), have
been expressed independently in murine LM cells lacking the CD155
gene. Interestingly, although virus adsorption and viral growth were
identical in the two cell lines, PV-induced cytopathic effects appeared
later in cells expressing the mutated form, CD1551y67 (LM-CD1551y,67)
than in cells expressing the nonmutated form CD155pr (LM-CD1551yR)
(Pavio et al. 2000).

Analysis of the PV-induced death of LM-CD1557y,,6; or LM-CD1551g
cells showed that PV infection triggers the DNA fragmentation charac-
teristic of apoptosis in both LM-cell lines, but at a lower level in LM-
CD155 1,67 cells than in LM-CD1551yz cells (Gosselin et al. 2003). In-
trinsic (mitochondrial dysfunction) and extrinsic (death receptor medi-
ated) apoptotic pathways have been investigated in both cell lines. Mito-
chondrial dysfunction was analyzed by detecting the translocation of cy-
tochrome ¢ from mitochondria and by measuring the activation of cas-
pases-3 and -9. Levels of cytochrome c release and caspase-9 and cas-
pase-3 activation were lower in PV-infected LM-CD1551y,4; cells than in
LM-CD155yr cells (Gosselin et al. 2003). The death receptor-mediated
pathway was studied by measuring the activation of caspase-8 and cas-
pase-10: In both cell lines, activation of caspases-8 and -10 paralleled
that of caspase-9 and caspase-3. Thus it appeared that the two main
apoptotic signaling pathways are simultaneously activated in response
to PV infection. However, this observation does not exclude possible
cross-talk between the intrinsic and the extrinsic apoptotic cascades. In-
deed, caspase-8 can generate a truncated form of the Bid protein, which
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then translocates to mitochondria and initiates the mitochondrial path-
way (Kaufmann and Hengartner 2001). Moreover, some of the caspases
activated by the mitochondrial pathway may also activate caspase-8 in a
feedback loop (Viswanath et al. 2001).

Altogether, these data indicate that the level of PV-induced apoptosis
is lower in those cells, expressing mutated CD1551y,¢7, selected during
persistent PV infection of IMR-32 cells than in cells expressing
CD1551g. As stated above, expression of 2A and 3C PV proteases is suf-
ficient to induce cell apoptosis (Barco et al. 2000; Goldstaub et al. 2000).
Thus CD155 may be an additional cellular factor involved in the modu-
lation of PV-induced apoptosis. One attractive possibility is that an
apoptotic signal is triggered by the PV-CD155 interaction and modulat-
ed according to the CD155 allelic form. The triggering of apoptosis by
the binding of a virus to a receptor, and also at a postbinding entry step,
has been demonstrated for other viruses, including reovirus (Tyler et al.
2001), Sindbis virus (Jan and Griffin 1999), and HIV (Banda et al. 1992).
However, no data are currently available in support of the notion that an
apoptotic signal is directly transduced via CD155. Alternatively, a mole-
cule interacting with CD155 may transduce this signal. One candidate is
CD44, the major receptor for hyaluronic acid, which is physically associ-
ated with CD155 and is able to induce apoptotic signals (Shepley and
Racaniello 1994; Freistadt and Eberle 1997; Foger et al. 2000; Okamoto et
al. 2001). Another candidate is the Bcl2-interacting mediator of cell
death protein (Bim) (Adams and Cory 1998): Bim has a proapoptotic ef-
fect by interacting with the antiapoptotic factor Bcl-2. In the CNS, Bim
is expressed in neurons of the gray matter but not in glial cells, and it is
involved in a variety of neuronal cell death models (Putcha et al. 2001;
Sanchez and Yuan 2001). Interestingly, the cytoplasmic domain of
CD155 interacts with the dynein complex (Pallansch and Roos 2001) that
keeps Bim inactivated at the level of the cytoskeleton (Puthalakath et al.
1999). Thus after interaction between the PV capsid and CD155, it is
possible that Bim is released from the cytoskeleton such that it can then
neutralize Bcl-2, thereby leading to apoptosis.

4
Conclusion

During recent years, the effort invested in studying PV-induced apopto-
sis has increased, and this has revealed the complexity of the apoptotic
process in PV-infected cells. In the CNS, PV-induced apoptosis seems to
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be a significant factor in the pathogenesis of poliomyelitis, and it would
be interesting to identify the molecular mechanisms of this apoptotic
process in neurons. New ex vivo cellular models will allow the analysis
of apoptotic pathways triggered by PV infection in nerve cells. In vitro
studies using various cellular models have shown that PV can either
trigger or, on the contrary, suppress the development of apoptosis ac-
cording to the conditions of infection and to the host cell type. Several
viral proteins are good candidates for involvement in the apoptotic pro-
cess in PV-infected cells. Proteases 2A and 3C are able to trigger apopto-
sis, whereas protein 3A can inhibit it. Protease 3C can also prevent apop-
tosis. However, most of these data were obtained with individual protein
expression systems and the situation is more complex in the context of
cellular infection. PV interaction with CD155 could also trigger apopto-
sis either via CD155 itself or more probably via another molecule inter-
acting with CD155. However, the molecular details of the apoptotic path-
ways leading to cell death following PV/CD155 interaction remain to be
determined. PV-induced apoptosis is less extensive in cells expressing
mutated CD1557y,6; selected during persistent PV infection of IMR-32
cells than in cells expressing nonmutated CD155z. Thus CD155 may
also be a cellular factor involved in the modulation of PV-induced apop-
tosis. This modulation could be profitable to the virus: If apoptosis is
not induced correctly or not induced at all in a context where it should
be, it may allow the establishment of a persistent infection. Thus it
would be interesting to determine which CD155 allelic forms are ex-
pressed in patients developing poliomyelitis and post-polio syndrome. It
was recently shown that the frequency of CD1551y,,6; Was significantly
higher in patients with amyotrophic lateral sclerosis or progressive mus-
cular atrophy than in controls (Saunderson et al. 2004).
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Abstract Alphaviruses are mosquito-borne, enveloped, plus-strand RNA viruses that
cause a spectrum of diseases in humans that include fever, rash, arthritis, meningi-
tis, and encephalomyelitis. Sindbis virus (SINV) is the prototype alphavirus, causes
encephalomyelitis in mice, and provides a model system for studying the pathogene-
sis of alphavirus-induced neurological disease. Major target cells for SINV infection
in the central nervous system (CNS) are neurons, and both host and viral factors de-
termine the fate of infected neurons. Young animals are most susceptible to fatal dis-
ease. This correlates with the ability of SINV to induce apoptosis in immature neu-
rons. In vitro, apoptotic death of neuroblastoma cells can be induced by fusion of
the virus envelope with the endosomal membrane and does not require infectious
virus. This fusion process activates acid sphingomyelinase that cleaves sphingomye-
lin to release ceramide, an initiator of apoptosis. Within an hour, poly(ADP-ribose)
polymerase is activated, and this is followed by release of cytochrome ¢ and activa-
tion of effector caspases. SINV-induced cell death can be delayed or prevented by
treatment with antioxidants or caspase inhibitors and by intracellular expression of
Bcl-2, Beclin-1, or protease inhibitors. Older animals survive infection unless infect-
ed with a neurovirulent strain of SINV. In these mice, anterior horn motor neurons
die by a primarily necrotic process that is influenced by excitotoxic amino acids and
inflammation, whereas hippocampal neurons can be either apoptotic or necrotic.
Death also occurs in uninfected neurons in the vicinity of infected neurons and can
be delayed or prevented by treatment with glutamate receptor antagonists.
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Abbreviations

AIF Apoptosis-inducing factor

AMPAAMPA o-Amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid

aSMase Acidic sphingomyelinase

CAD Caspase-activated DNase

CNS Central nervous system

IM Inner membrane

MMP Mitochondrial membrane permeabilization

NAD B-Nicotinamide adenine dinucleotide

NMDANMDA N-methyl-p-aspartate

oM Outer membrane

PARPPARP - poly(ADP-ribose) Poly(ADP-ribose) polymerase

polymerase

ROSROS - reactive oxygen species
SINV

Reactive oxygen species
Sindbis virus

SM Sphingomyelin

TNF Tumor necrosis factor
1

Introduction

Arthropod-borne viruses are the most important causes of acute en-
cephalitis worldwide. The mosquito-borne flaviviruses Japanese enceph-
alitis virus and West Nile virus are widespread and cause severe enceph-
alomyelitis in Asia, Europe, and North America (Burke and Monath
2003). Alphaviruses cause a spectrum of diseases in humans that include
fever, rash, arthritis, meningitis, and encephalomyelitis (Griffin 2003).
Sindbis virus (SINV) is the most widespread of the alphaviruses and is
found in Europe, Africa, the Asian subcontinent, and Australia. SINV is
related to western equine encephalitis virus (Hahn et al. 1988), which
has caused widespread outbreaks of encephalitis in North America
(Longshore et al. 1956) and to Mayaro virus, an emerging cause of rash
and arthritis in South America (Tesh et al. 1999). Of the encephalitic al-
phaviruses eastern equine encephalomyelitis virus has a high mortality
in all age groups (Calisher 1994) and Venezuelan equine encephalitis vi-
rus can cause infection by the respiratory route (Danes et al. 1973; Lenn-
ette and Koprowski 1943) and has been weaponized for use in biowar-
fare.

SINV, the prototype alphavirus, causes encephalomyelitis in mice and
provides a model system for studying the pathogenesis of alphavirus-in-
duced neurological disease. Major target cells for SINV infection in the
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central nervous system (CNS) are neurons, and both host and viral fac-
tors determine the fate of infected neurons. Young animals are most sus-
ceptible to fatal disease, and SINV induces apoptosis in immature neu-
rons, as well as in a variety of cultured cell lines, including neuroblasto-
ma cells.

Many viruses induce apoptosis in infected tissue culture cells, but
studies of virus-induced apoptosis in vivo are more limited. Survival of
neurons that are infected by neurotropic viruses in vivo is determined
by the maturity of the infected neuron and the virulence of the infecting
virus. Encephalitis is more likely to complicate infection with a poten-
tially neurotropic virus, and the disease is more likely to be fatal when
infection occurs in young children or the elderly. In mice, many neuro-
tropic viruses cause more severe disease and replicate to a higher titer in
newborn mice than in older weanling and adult mice and there is often
a sharp decrease in susceptibility to fatal infection sometime during the
first 2 weeks of life (Johnson and Johnson 1968; Johnson et al. 1972;
Ogata et al. 1991; Walder and Bradish 1975). During this period, neuro-
nal axogenesis and synaptogenesis are being completed and neurons are
becoming independent of trophic factors for survival. Decreased suscep-
tibility to fatal disease reflects an intrinsic property of maturing neurons
rather than a change in innate or adaptive immune responses to the vi-
rus (Oliver et al. 1997). The cellular factors that correlate with this in-
creased resistance of neurons to apoptosis have not been clearly identi-
fied.

Virus-induced apoptosis of immature neurons in vivo has been docu-
mented for several neurotropic viruses including alphaviruses (Allsopp
et al. 1998; Lewis et al. 1996), flaviviruses (Despres et al. 1998), reovirus-
es (Oberhaus et al. 1997), and bunyaviruses (Pekosz et al. 1996). New-
born mice often die rapidly after infection, coincident with increasing
levels of virus in the CNS (Johnson et al. 1972). As during development,
virus-induced neuronal death is often characterized by features of apop-
tosis, such as nuclear condensation, cytoplasmic blebbing, and cell
shrinkage. In older mice, both the animals and their neurons are more
likely to survive infection. However, apoptosis has been observed in
neurons of older animals infected with poliovirus (Girard et al. 1999),
Venezuelan equine encephalitis virus (Jackson and Rossiter 1997), and
Theiler’s murine encephalomyelitis virus (Tsunoda et al. 1997), but for a
number of other viruses neurovirulent for adult mice or rats, some pop-
ulations of dying infected neurons are not apoptotic (Hase et al. 1990;
Havert et al. 2000; Sammin et al. 1999).
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2
Overview of Cell Death

2.1
Mechanisms of Cell Death

Understanding of the biology and mechanisms of cell death is rapidly
improving. Although apoptotic and necrotic forms of cell death are mor-
phologically separable and have been considered distinct processes, it is
now clear that they constitute a continuum with many overlapping fea-
tures (Leist et al. 1997; Leist and Jaattela 2001; Yuan et al. 2003). In addi-
tion, a third type of cell death linked to the autophagy pathway first de-
scribed as a means of cellular recycling of the components of intracellu-
lar organelles during periods of stress or starvation has recently been
recognized (Yu et al. 2004; Yuan et al. 2003) and is characterized by the
development of double-membrane vesicles that fuse with lysosomes (Da-
nial and Korsmeyer 2004; Yuan et al. 2003). All of these types of cell
death can affect neurons.

Apoptosis is an energy-dependent, regulated process through which a
cell self-destructs and is characterized by cell shrinkage, redistribution
of phosphatidylserine to the outer surface of the plasma membrane,
membrane blebbing, chromatin condensation, nuclear fragmentation,
and, eventually, segmentation of the cell into membrane-bound apoptot-
ic bodies that are engulfed by neighboring cells. This phagocytic dispos-
al of dead and dying cells prevents release of cell contents and induction
of inflammation. Necrosis is characterized by cell swelling and plasma
membrane rupture and may induce an inflammatory response. The
apoptotic process requires ATP and is converted into a necrotic process
if cellular levels of ATP fall below a critical level (Haeberlein 2004). Cells
then die by necrosis with ion pump failure, swelling of the cell, and rup-
ture of the plasma membrane (Eguchi et al. 1997; Leist et al. 1997).

Cell death can be initiated externally at the cell membrane through
death receptors that are in the tumor necrosis factor (TNF) receptor
family (e.g., TNFR-1, Fas, DR-4/5) and assemble a death-inducing sig-
naling complex in the cytoplasm to activate caspases 8 and 10. Caspase
8 can execute the apoptotic process by direct activation of caspases 3
and 7 or through a mitochondrial amplification pathway that results in
activation of caspase 3 (Danial and Korsmeyer 2004). Caspases are a
family of cysteine proteases that are synthesized as inactive proenzymes
(zymogens) and require proteolytic removal of the prodomain for acti-
vation. Caspases are generally divided into the initiator caspases (e.g., 8
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and 9), which have long prodomains and are autocatalytically processed
and activated within a multimeric complex, and the effector caspases
(e.g., 3 and 7), which have short prodomains and are processed and ac-
tivated by the initiator caspases. Effector caspases degrade cellular pro-
teins and activate endonucleases that ultimately kill a cell.

Cell death can also be initiated internally through cell stress/signaling
pathways that originate in the endoplasmic reticulum. Both externally
and internally initiated pathways can converge to induce selective mito-
chondrial membrane permeabilization (MMP). Mitochondria have two
well-defined compartments: the matrix, surrounded by the inner mem-
brane (IM), and the intermembrane space, between the IM and the outer
membrane (OM). The IM is folded into numerous cristae and contains
the protein complexes of the electron transport chain, ATP synthase,
and adenine nucleotide translocator. It is almost impermeable, and the
respiratory chain creates a measurable electrochemical gradient (AY).
Apoptotic OM permeabilization leads to release of proteins that are nor-
mally confined to the intermembrane space: cytochrome ¢, pro-caspases
3 and 9, adenylate kinase 2, smac, endoG, omi, and apoptosis-inducing
factor (AIF). Factors that control MMP are Bcl-2 family proteins, intra-
cellular levels of Ca®*, lipid mediators such as ceramide, GM3 ganglio-
side, and palmitate, reactive oxygen species (ROS), nitric oxide, and a
variety of viral proteins (Haeberlein 2004; Kroemer and Reed 2000).

The Bcl-2 family has many members that regulate MMP, and they are
subdivided into the antiapoptotic multidomain proteins (e.g., Bcl-2,
Bcl-x1, Mcl-1, Bcl-w), the proapoptotic multidomain proteins (e.g., Bax,
Bak) and the proapoptotic “BH3 domain only” proteins (e.g., Bid, Bim,
Dp5/Hrk, Bad). In classic apoptosis the process is initiated when Bid is
activated by caspase 8-mediated cleavage (tBid) and together with Bax
or Bak begins formation of pores in the OM. Pore formation can be
blocked or slowed by the antiapoptotic proteins Bcl-2 and Bcl-x;. Once
pores are formed, intermembrane proteins are released into the cyto-
plasm. Once in the cytoplasm, cytochrome c and pro-caspase 9 function
together with Apaf-1 in the cytoplasm to form the “apoptosome.” In the
apoptosome, activation of pro-caspase 9, an ATP-dependent process, re-
sults in cleavage and activation of pro-caspase 3 that leads to cleavage of
a variety of cellular proteins. Caspase 3-mediated cleavage can destroy
or activate cellular proteins. It is the activation of caspase-activated
DNase (CAD) that degrades chromatin into the oligonucleosomal frag-
ments that characterize late stages of the apoptotic process (Fig. 1).
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Fig. 1 Overview of the intracellular pathways that can be involved in induction of
neuronal cell death. AIF, apoptosis-inducing factor; CAD, caspase-activated DNase;
CAPK, ceramide-activated protein kinase; IAP, inhibitor of apoptosis protein; NTR,
neurotrophin receptor

2.2
Neuronal Cell Death

Death of immature neurons is an important part of the normal develop-
ment of the nervous system (Yuan and Yankner 2000). It is estimated
that approximately half of the neurons produced during development
die during the processes of migration and synapse formation necessary
for generation of the mature nervous system (Burek and Oppenheim
1998). This developmental death is presumed to result from the failure
of immature neurons to receive cellular signals from trophic factors re-
quired for survival and serves to match the numbers of innervating neu-
rons to the size of their target cell populations (Becker and Bonni 2004).
The process by which neurons die during development is apoptosis
(Haeberlein 2004).

In immature neurons the apoptotic process is tightly controlled by
the balance of survival and death signals. The Bcl-2, caspase, and Apaf-1
protein families constitute the core apoptotic machinery in neurons, as
well as other types of cells. Apoptosis can be induced by withdrawal of
neurotrophic growth factors and a complicated interaction of different
neurotrophins with high- and low-affinity receptors, such as p75 NTR, a
member of the TNFR family of death receptors (Fig. 1). As neurons ma-
ture, survival becomes independent of the presence of previously essen-
tial growth factors (Yuan and Yankner 2000) and survival signaling
pathways predominate. Important survival signaling pathways are the
Ras-MAPK and PI3K-Akt pathways (Yuan et al. 2003). Survival is pre-
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sumably a result of changes in intracellular proteins during maturation
that alter receptor expression, intracellular signaling, and the responses
of the cell to withdrawal of a trophic factor.

Among the unique features of mature neurons is the fully differentiat-
ed, postmitotic state of the cells and the resultant inability of the host to
replace neurons that are lost. Although many neurons die during devel-
opmental modeling of the nervous system, once neurons have been se-
lected for inclusion in the nervous system the host has a vested interest
in preventing neuronal death. The cellular factors that correlate with this
increased resistance of neurons to apoptosis have not been clearly iden-
tified. Expression of the antiapoptotic proteins Bcl-2 and Bcl-x;, are ac-
tually at their highest levels in the CNS during embryogenesis rather
than after development is complete. With maturation, expression of
Bcl-xy, persists and is found in many populations of adult neurons (Kra-
jewski et al. 1994) whereas Bcl-2 expression decreases (Merry et al.
1994). Therefore, expression of other cellular factors, such as the bifunc-
tional apoptosis inhibitor (Roth et al. 2003), is likely to be involved.

Death of mature neurons can result from extrinsic or intrinsic insults
and may be caspase dependent or caspase independent, apoptotic or ne-
crotic (Leist and Jaattela 2001). Reactivation of cell cycle machinery in
differentiated postmitotic neurons often accompanies apoptotic cell
death in ways that are not yet fully understood (Becker and Bonni 2004).
A common extrinsic mechanism for inducing death of mature neurons
is excessive release of glutamate and resultant glutamate receptor activa-
tion and neuronal excitotoxicity (Andersson et al. 1993; Choi et al. 1987;
Olney 1969). Excessive excitotoxic neurotransmitter release can lead to
apoptotic or necrotic neuronal cell death depending on the maturity of
the neurons, intensity of the injury, levels of intracellular Ca**, and mi-
tochondrial function (Ankarcrona et al. 1995; Lee et al. 1999). An excess
of glutamate can overstimulate one or more of the three types of gluta-
mate receptors present on neurons, N-methyl-p-aspartate (NMDA),
o-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA), and
kainate, resulting in the influx of Ca®*, Na*, and/or Zn*" ions through
channels gated by these receptors. Excess intracellular Ca** can activate
phospholipases, oxidases, proteases, and phosphatases that contribute
to cell death (Lee et al. 1999; Nicotera and Orrenius 1998). Activated
proteases include the calpains, a family of cytosolic, Ca®*-activated cys-
teine proteases. Calpain in turn can activate cathepsins, cytoplasmic as-
partyl proteases synthesized as zymogens. Calpain- and cathepsin-medi-
ated degradation of cytoplasmic proteins is probably responsible for the
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Fig. 2 Appearance of lumbar spinal cord motor neurons at various times after NSV
infection of weanling C57BL/6 mice. Sections of spinal cords from the L4-L5 level of
an uninfected 4-week-old mouse (a) and mice infected for 3 (b), 6 (c), and 9 (d)
days. Three days after infection, some motor neurons showed mild swelling and cy-
toplasmic vacuolization (b). Six days after infection, many motor neurons were
severely swollen and pale (c). Nine days after infection, nuclear and cytoplasmic
membranes were no longer discernable, leaving empty holes in the ventral horn of
the spinal cord (d). (Havert et al. 2000)

translucent appearance of the cytoplasm often found in necrotic cell
death (Yuan et al. 2003) (Fig. 2).

NMDA receptors are highly permeable to Ca**, and treatment of neu-
rons with NMDA receptor antagonists protects cells from glutamate-in-
duced excitotoxic death. Therefore, this subtype of receptor has been
thought to be most important in mediating excitotoxic death of mature
neurons (Choi et al. 1998). However, the importance of AMPA receptors,
which are generally impermeable to Ca**, for inducing excitotoxic death
of certain populations of neurons has recently been appreciated. AMPA
receptors are ligand-gated heteromeric channels assembled from various
combinations of four subunits, GluR-1 through -4. The GluR-2 subunit
is responsible for limiting Ca®* permeability of AMPA-type glutamate
receptors. Neurological insults can downregulate expression of mRNA
encoding GluR-2 and increase the potential for Ca** influx through
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AMPA receptors (Gorter et al. 1997). AMPA receptor-mediated excito-
toxicity is postulated to contribute to neuronal damage in ischemia, sei-
zures, amyotrophic lateral sclerosis, and Alzheimer disease (Buchan et
al. 1991; Gill and Lodge 1997; Nellgard and Wieloch 1992; Sherdown et
al. 1993; Xue et al. 1994).

A key factor in control of the mode of neuronal death may be the pro-
tein-modifying enzyme poly(ADP-ribose) polymerase (PARP). PARP
catalyzes the transformation of B-nicotinamide adenine dinucleotide
(NAD™) into nicotinamide and poly(ADP-ribose) and the successive
transfer of ADP-ribose units to a variety of proteins including PARP it-
self to produce linear or branched homopolymers. These polymers are
rapidly degraded by poly(ADP-ribose) glycohydrolase. The most abun-
dant protein in the PARP family of ADP-ribosylating proteins is PARP-1
(1 molecule for every 1,000 bp DNA) (Ha and Snyder 2000). Under ho-
meostatic conditions, PARP-1 participates in genome repair, DNA repli-
cation, and the regulation of transcription (Satoh and Lindahl 1992).
PARP is activated in response to DNA strand breaks and has been con-
sidered a relatively late participant in the apoptotic process. Massive
PARP-1 activation can deplete the cell of NAD" and ATP, ultimately lead-
ing to energy failure (Zhang et al. 1994). PARP-1 cleavage by caspase 3
or 7 is used as a marker for apoptosis, and inactivation of this enzyme
may help to prevent energy depletion and necrosis (Ha and Snyder
2000).

PARP-1 can also be activated early in the cell death process in the ab-
sence of DNA strand breaks (Homburg et al. 2000; Simbulan-Rosenthal
et al. 1998). Activation of PARP-1 in neurons treated with NMDA occurs
in the absence of DNA damage and is followed by translocation of AIF
from the mitochondrial intermembrane space to the nucleus (Yu et al.
2002) (Fig. 1). Ceramide and other cell death signaling molecules also
induce translocation of AIF to the cytoplasm and then to the nucleus
(Daugas et al. 2000). AIF is a flavoprotein that normally resides in the
mitochondrial intermembrane space (like cytochrome ¢, pro-caspase 3,
and other apoptotic modulators) and is important for normal mitochon-
drial function. However, when released from the intermembrane space,
AIF is a powerful trigger for caspase-independent cell death (Lorenzo et
al. 1999; Pieper et al. 2000; Yuan et al. 2003). AIF induces peripheral
chromatin condensation and relocation of phosphatidylserine into the
outer leaflet of the plasma membrane. AIF also triggers release of cyto-
chrome ¢ and caspase activation, but caspase inhibition does not abro-
gate AIF-dependent cell death (Lorenzo et al. 1999; Pieper et al. 2000),
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although it does inhibit oligonucleosomal DNA fragmentation (Daugas
et al. 2000).

3
Alphavirus Encephalomyelitis

3.1
Background on Sindbis Virus

SINV is an enveloped plus-strand RNA virus that replicates entirely in
the cytoplasm. The virion has three major structural proteins: capsid,
which surrounds the genomic RNA, and two surface glycoproteins, E1
that mediates fusion and E2 that mediates attachment. To initiate infec-
tion, SINV attaches to an unknown cellular receptor and is taken up by
receptor-mediated endocytosis. The low pH of the endosome induces a
conformational change in the E1-E2 heterodimer that results in fusion
of the virion envelope with the endosomal membrane and release of the
capsid and genomic RNA into the cytoplasm. Replication occurs on
modified endosomal membranes. Virus is assembled and released at the
plasma membrane. Cellular changes induced by virus replication include
shutdown of host protein and RNA synthesis and loss of membrane po-
tential due to decreased function of Na",K*-ATPase, the sodium pump
(Strauss and Strauss 1994).

Strains of SINV vary in virulence, but all replicate primarily in neu-
rons and differ in their efficiency of neuronal replication and in their
ability to induce neuronal cell death. A very neurovirulent strain of
SINV is the neuroadapted strain NSV, developed by passage of the pro-
totype SINV AR339 strain in mouse brain (Griffin and Johnson 1977).
Whereas SINV AR339 causes fatal encephalomyelitis in newborn mice,
but not adult mice, NSV also causes the death of adult mice after intrace-
rebral or intranasal inoculation (Jackson et al. 1988; Thach et al. 2000).

3.2
SINV-Induced Death of Immature Neurons

Most strains of SINV cause rapidly fatal encephalitis in newborn mice.
Mice die 2-4 days after infection, and infected neurons show evidence of
apoptosis (Lewis et al. 1996). Neuroblastoma cells can serve as an in vit-
ro model for SINV infection of immature neurons and undergo SINV-in-
duced apoptosis. Cell death is triggered at the cell membrane by fusion
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Fig. 3 Schematic diagram of the induction of cell death during SINV entry into neu-
roblastoma cells. SINV binds to the plasma membrane and undergoes receptor-me-
diated endocytosis. The lowered pH of the endosome triggers a conformational
change in the E1-E2 heterodimer that leads to E1-mediated fusion. During the pro-
cess of fusion acidic sphingomyelinase (aSMase) in the membrane is activated,
sphingomyelin (SM) is cleaved, and ceramide is released

of the viral envelope with the endosomal membrane (Fig. 3). Virus repli-
cation is not required. Fusion-induced apoptosis is blocked by agents
that prevent endosomal acidification and thereby prevent the conforma-
tional changes in E1 and E2 required for fusion (Jan and Griffin 1999).
Alphavirus fusion requires cholesterol and sphingomyelin (SM) in the
target membrane (Kielian and Helenius 1984; Wilschut et al. 1995).
SINV fusion induces the activation of acidic sphingomyelinase (aSMase),
present in the outer leaflet of the plasma membrane. SMase degrades SM
to release ceramide, an intracellular initiator of apoptosis. Later in infec-
tion, Mg“—dependent neutral SMase is activated, resulting in sustained
production of ceramide (Jan et al. 2000). Overexpression of acid cerami-
dase decreases the level of ceramide in infected cells and inhibits al-
phavirus-induced cell death (Jan et al. 2000; Ubol et al. 1996). Thus cera-
mide is an important initiator of SINV-induced apoptosis in neuroblas-
toma cells.

This pathway may be linked to a TNFR signaling pathway that has
been implicated in SINV-induced death of PC-12 rat pheochromocyto-
ma cells (Sarid et al. 2001) and activates the apoptotic pathway by in-
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Fig. 4 Time course of intracellular changes induced by virus infection as related to
virus production and failure to exclude trypan blue in N18 neuroblastoma cells.
Changes begin early after infection, are progressive, and do not inhibit virus produc-
tion

creasing intracellular ceramide through hydrolysis of SM (Kolesnick and
Golde 1994). Members of the TNFR family trigger the assembly of the
death-inducing signaling complex that results in activation of caspase 8.
Expression of Crm A, a poxvirus serpin that inhibits caspase 8, protects
against SINV-induced cell death and fatal disease in newborn mice
(Nava et al. 1998).

In addition to activation of SMase and release of ceramide, another
early event in SINV-induced apoptosis is activation of PARP-1. PARP-1
is activated within an hour after initiation of virus infection, well before
caspase 3 activation, which is not detected until 6-10 h after infection
(Fig. 4) (Nargi-Aizenman et al. 2002; Ubol et al. 1996). Caspase activa-
tion and SINV-induced apoptosis are delayed in cells lacking PARP-1,
suggesting an important early role for this enzyme in SINV-induced ap-
optosis (Nargi-Aizenman et al. 2002; Ubol et al. 1996). After PARP-1 ac-
tivation there is consumption of NAD" and release of cytochrome c. Cas-
pases are involved in downstream events, as evidenced by the cleavage
of a number of caspase 3 target proteins and the ability of z-VAD-fmk, a
broad-spectrum caspase inhibitor, to inhibit SINV-induced apoptosis
(Grandgirard et al. 1998; Jan et al. 2000; Nava et al. 1998). Activated cas-
pase 3 cleaves PARP-1 and terminates ADP ribosylation of proteins.

Intrinsic mechanisms are also probably involved in SINV-induced ap-
optosis of immature neurons. An intrinsic mechanism for inducing
death of mature neurons is oxidative stress. Increased ROS can result
from exposure to excitotoxic amino acids or production of an excess of
unfolded or aggregated proteins. ROS lead to cell damage and ultimately
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to mitochondrial dysfunction and cell death. Thiol antioxidants such as
N-acetylcysteine and pyrrolidine dithiocarbamate potently inhibit
SINV-induced apoptosis of neuroblastoma cells. This does not appear to
act through control of NF-xB expression (Lin et al. 1995, 1998). The
apoptotic process in SINV-infected neuroblastoma cells is not Ca** de-
pendent. In cycling cells SINV-induced apoptosis results in loss of cells
primarily from the Go/G; population, suggesting that cells may be par-
ticularly susceptible to SINV-induced apoptosis during the G; phase of
the cell cycle (Ubol et al. 1996). A role for cell cycle proteins is further
suggested by the fact that inhibition of Ras signaling in PC-12 cells in-
hibits both cell proliferation and SINV-induced apoptosis (Joe et al.
1996).

Bcl-2 family member proteins are involved in regulating SINV-in-
duced neuronal cell death because cells overexpressing Bcl-2 are relative-
ly resistant to apoptosis induced by SINV and other alphaviruses (Levine
et al. 1993; Scallan et al. 1997; Ubol et al. 1994). However, interpretation
is complicated because Bcl-2 also inhibits virus replication by an un-
known mechanism and virus-induced caspase activation can inactivate
Bcl-2 (Grandgirard et al. 1998). SINV can be engineered to express exog-
enous proteins from a second subgenomic promoter. Overexpression of
Bcl-2 or, paradoxically, Bax partially protects newborn mice from fatal
SINV infection (Levine et al. 1996; Lewis et al. 1999; Pal et al. 1997).
Ability of the Bcl-2-interacting protein beclin-1 to protect against fatal
SINV-induced disease in newborn mice potentially links SV-induced
neuronal death to the autophagy pathway (Liang et al. 1998).

The role of specific viral proteins in induction of apoptosis in imma-
ture neurons is unclear. Cell death occurs late after infection if only the
nonstructural proteins are synthesized, but it is not clear that this is an
apoptotic process (Frolov and Schlesinger 1994). Amino acid changes in
nonstructural protein-2 are important determinants of cytopathic effect,
but noncytopathic viruses are deficient in shutoff of host protein synthe-
sis, potentially accounting for the effect (Agapov et al. 1998; Frolova et
al. 2002). Cells infected with viruses expressing the structural proteins
die more rapidly than cells infected with replicons expressing only the
nonstructural proteins. Overexpression of the transmembrane domains
of the E1 or E2 glycoproteins can induce cell death, implicating these
proteins in the apoptotic process (Joe et al. 1998).
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33
SINV-Induced Death of Mature Neurons

NSV induces fatal encephalomyelitis in adult C57BL/6 mice that is ac-
companied by hindlimb paralysis. A number of amino acid changes in
the E1 and E2 glycoproteins contribute to the increased virulence of
NSV for older mice, but the most important is the substitution of histi-
dine for glutamine at position 55 of the E2 glycoprotein (Tucker et al.
1993). This change increases efficiency of SINV infection of neurons and
is rapidly selected during persistent SINV infection of the CNS (Levine
and Griffin 1993; Tucker et al. 1997). In the hippocampus, a mixture of
morphologically apoptotic and necrotic pyramidal neurons are present
in NSV-infected mice. The onset of paralysis parallels morphological
changes in motor neuron cell bodies in the lumbar spinal cord and in
motor neuron axons in ventral nerve roots, many of which are eventual-
ly lost. However, the loss of spinal cord motor neurons is not apoptotic,
as judged by morphological criteria and lack of detectable activated cas-
pase 3 (Havert et al. 2000) (Fig. 2). These cells are not protected by over-
expression of Bcl-2 or Bax, further suggesting that the mode of death is
not apoptotic (Kerr et al. 2002).

An in vitro culture system of SINV-infected primary cortical neurons
and time-lapse imaging revealed evidence of both apoptosis and necro-
sis (Nargi-Aizenman and Griffin 2001). Surprisingly, uninfected as well
as infected neurons died in these cultures, suggesting bystander neuro-
nal death. Because glutamate excitotoxicity is a recognized cause of neu-
ronal death, and can be mediated through different types of glutamate
receptors on neurons, the role of excitotoxicity was explored. Antago-
nists of the NMDA subtype of glutamate receptor (MK801 and APV)
protected cultured neurons from SINV-induced death without affecting
virus replication, suggesting that SINV activates neurotoxic pathways
that result in NMDA receptor stimulation and damage to infected and
uninfected neurons (Nargi-Aizenman and Griffin 2001).

MKB801 was then used to determine whether glutamate receptor an-
tagonists could protect NSV-infected mice from fatal encephalomyelitis.
Hippocampal neurons were protected from death, but the mice were
not. However, when mice were treated with an AMPA receptor antago-
nist (GYKI-52466) neurons in the hippocampus and the lumbar spinal
cord were protected and the mice were also protected from paralysis and
death (Nargi-Aizenman et al. 2004) (Fig. 5). Protection was not due to
altered virus replication because treatment did not affect virus distribu-
tion or peak titers and actually delayed virus clearance. These results
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Fig. 5 Effect of glutamate receptor antagonists on NSV-induced paralysis and death
of weanling mice. Four-week-old C57BL/6 mice were infected with NSV and treated
with diluent, the NMDA receptor antagonist MK-801, or the AMPA receptor antago-
nist GYKI-52466. (Nargi-Aizenman et al. 2004)

provide evidence that NSV infection activates neurotoxic pathways that
result in aberrant glutamate receptor stimulation and neuronal damage.
Furthermore, AMPA receptor-mediated motor neuron death is an im-
portant contributor to paralysis and mortality in acute alphavirus-in-
duced encephalomyelitis.

Further evidence that NSV-induced death of mature neurons differs
with the population of neurons infected comes from study of NSV over-
expression of Bcl-2 and Bax. These two members of the Bcl-2 family
protected hippocampal neurons from death, but not lumbar spinal cord
motor neurons, and the animals developed levels of paralysis similar to
those of control animals (Kerr et al. 2002). Likewise, 4-week-old Bax™/~
mice were not protected from NSV-induced paralysis or motor neuron
death. Thus divergent cell death pathways are activated in different tar-
get populations of neurons during NSV infection of weanling mice and
these pathways are not necessarily the same as the pathways activated
by SINV-infection of immature neurons.

4
Conclusion

Most strains of SINV cause fatal encephalomyelitis in young animals by
inducing apoptosis of immature neurons. This is associated with effi-
cient virus replication and rapid death of the animals and can be mod-
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eled in vitro through the study of undifferentiated neurons and neuro-
blastoma cells. Viral fusion with the endosomal cell membrane activates
aSMase, releasing ceramide and initiating the apoptotic cascade. As neu-
rons mature they become more resistant to induction of apoptosis, but
neurovirulent strains of SINV can still cause cell death. Death of mature
motor neurons tends to be necrotic rather than apoptotic, and bystander
cell death contributes to paralysis and death of the neurons. Death of
mature neurons can be inhibited by treatment with drugs that prevent
excitotoxic cell damage.
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Abstract HSV triggers and blocks apoptosis in cell type-specific fashion. This review
discusses present understanding of the role of apoptosis and signaling cascades in
neuronal pathogenesis and survival and summarizes present findings relating to the
modulation of these strictly balanced processes by HSV infection. Underscored are
the findings that HSV-1, but not HSV-2, triggers apoptosis in CNS neurons and caus-
es encephalitis in adult subjects. Mechanisms responsible for the different outcomes
of infection with the two HSV serotypes are described, including the contribution of
viral antiapoptotic genes, notably the HSV-2 gene ICP10PK. Implications for the po-
tential use of HSV vectors in future therapeutic developments are discussed.
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1
Introduction

Herpes simplex viruses types 1 (HSV-1) and 2 (HSV-2) are a major cause
of worldwide morbidity (Fisman et al. 2002). Neurovirulence and the
ability to establish latency in sensory neurons are characteristic proper-
ties of both HSV serotypes. However, despite an overall DNA homology
of 47%-50%, HSV-1 and -2 are biologically distinct, notably in their in-
teraction with neurons in the central nervous system (CNS), where
HSV-1 but not HSV-2, causes encephalitis (Sauerbrei et al. 2000). Viral
genes that control neurovirulence and latency, their mechanism of ac-
tion, and their interaction with cellular genes are still poorly under-
stood. Emerging evidence implicates a complex cross-talk between pro-
grammed cell death (apoptosis), survival, and immune pathways in vi-
rus-induced neurological disorders. This review provides a brief de-
scription of the present findings, with particular emphasis on apoptotic
cascades, their modulation by HSV infection, and the implications for
future therapeutic developments.

2
Apoptotic Cascades

Apoptosis is a tightly regulated, irreversible process that results in cell
death in the absence of inflammation. It differs from necrosis, an estab-
lished mechanism of virus-induced cell death, in that it involves active
cell participation. Apoptotic stimuli induce mitochondrial release of cy-
tochrome ¢ (Cyt c), apoptosis-inducing factor (AIF), Smac/Diablo, and
endonuclease G. Cyt ¢ and AIF are involved in the activation of the cas-
pases, which are cysteine proteases with aspartate specificity. Events that
regulate the activation of initiator caspases are key determinants of cell
death and define two groups of upstream caspases. One of these, exem-
plified by caspase-9, is activated by conformational change resulting
from dimerization. The other, exemplified by caspase-8, is activated by
autoproteolysis. Executioner caspases, exemplified by caspase-3, are ac-
tivated by proteolytic cleavage of precursor zymogens. They are respon-
sible for the morphological and biochemical changes associated with ap-
optosis, including cleavage of proteins involved in DNA repair and repli-
cation, such as poly ADP-ribose) polymerase (PARP). Smac/Diablo
binds inhibitors of activated caspases, and AIF and endonuclease G me-
diate caspase-independent cell death pathways (Friedlander 2003). Three
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Fig. 1 Apoptotic pathways. Schematic representation focuses on the extrinsic and in-
trinsic pathways. Apoptosis specific mitochondrial changes include mitochondrial
permeability transition (MPT) and cytochrome ¢ (Cyt c) release. Dimerization or
heterodimerization of Bcl-2 family members (Bcl-2, Bax, Bad, Bag-1), cleavage of
Bid and mitochondrial release of Smac/Diablo and AIF are shown. Released Cyt ¢
forms a complex with Apaf-1 and caspase-9, leading to activation of the executioner
caspases, exemplified by caspase-3. Activation of death receptors by the respective
ligand (e.g., Fas) leads to the recruitment of adaptor proteins (such as TRAD and
TRAF), activation of caspase-8, and subsequent activation of the proteolytic cascade
and apoptosis

apoptotic pathways have been identified (Fig. 1). The intracellular path-
way is activated by loss of neurotrophic factors [e.g., nerve growth fac-
tor (NGF)], excitotoxic injury, or virus infection. It initiates with Cyt c
release and its complexation with pro-caspase-9 and Apaf-1, leading to
caspase-9 activation. The extracellular apoptotic pathway is initiated by
binding of the ligands Fas or tumor necrosis factor (TNF)-a to their re-
spective receptors. These receptors contain cytoplasmic domains that
anchor adaptor proteins which are involved in the recruitment and acti-
vation of caspase-8 or -10. Activated initiator caspases, in turn, activate
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the executioner caspases (Hill et al. 2003). The third apoptotic pathway
originates in the endoplasmic reticulum, and it involves activation of
caspases-12 and -9 (Morishima et al. 2002).

Three protein families regulate apoptosis. The Bcl-2 proteins, which
also function in neurological disorders, consist of antiapoptotic (e.g.,
Bcl-2) and proapoptotic (e.g., Bad) members that are differentially mo-
bilized by various stimuli. Pro- and antiapoptotic proteins heterodimer-
ize, and the balance between the two classes determines, at least in part,
the susceptibility to apoptosis (Chittenden 1998). The proapoptotic
function of some of these proteins is inactivated by phosphorylation,
whereas that of other members is activated by cleavage or mitochondrial
translocation (Lambeng et al. 2003). One antiapoptotic family member,
Bag-1, interacts and cooperates with Bcl-2 or functions independently
(Schulz et al. 1997). The second class of cell death inhibitors, the inhibi-
tor of apoptosis proteins (IAPs), can bind and inhibit activated caspas-
es-3 and -7, and one member, XIAP, can also associate with Cyt ¢ and
inhibit caspase-9. However, Smac/Diablo, which is also released from
mitochondria on apoptotic stress, can neutralize the function of the
IAPs. Smac/Diablo may also potentiate the caspase cascade by displacing
XIAP from mature caspase-9 (Hill et al. 2003), underscoring the strict
cross-regulation of the apoptotic pathways by various “check and bal-
ance” mechanisms (Fig. 1). The role of IAPs in neuronal apoptosis is still
unknown.

Heat shock proteins (Hsp) are also involved in apoptosis regulation.
Most Hsp have antiapoptotic activity and are overexpressed in tumor
tissues, where they contribute to tumor progression and resistance to
chemotherapy. Hsp70 proteins prevent Cyt ¢ release from mitochondria,
inhibit the JNK and p38MAPK signaling cascades, and function down-
stream of caspase-3. They also bind and sequester activated caspases,
APAF and AIF. Hsp90 is required for the maintenance of the c-Raf-1
function, and Hsp27 sequesters Cyt ¢ (Beere 2001). However, the anti-
apoptotic activity of the Hsp in neurological disorders is controversial
(Latchman 2004). The first Hsp with proapoptotic activity (H11) was
cloned in our laboratory. It acquires antiapoptotic activity after single-
site mutation (Smith et al. 2000b; Gober et al. 2003).
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3
Apoptosis Is a Predominant Cell Death in Neurodegeneration

Neuronal survival is stimulated by trophic factors that function through
specific receptors. The MEK/ERK pathway serves as a conduit for signal-
ing from various receptors, including receptors for neurotrophic factors
(e.g., NGF), glutamate [e.g., kainic acid (KA), N-methyl-D-aspartate
(NMDA)], or other neurotransmitters [e.g., nicotinic acetylcholine
(nAChR) and dopamine D1/D5 (DAR)], leading to CREB activation. The
dopamine receptor also activates CREB via adenylate cyclase (AC) and
the cAMP/PKA pathway that channels into ERK through the Rap-1/B-
Raf module (Fig. 2). The signaling pathway that is activated as a result
of survival signals is determined, at least in part, by the specific phos-
phorylation site on the receptor (Chao 2003). The neurotransmitter glu-
tamate functions at excitatory synapses of the brain. Different glutamate
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Fig. 2 Survival signaling pathways in neurons. Neuronal survival is stimulated by
trophic factors that function through specific receptors. The MEK/ERK pathway
serves as a conduit for signaling from the various receptors. Exemplified are the
TrkA receptor for the neurotrophic factor NGF, the glutamate receptors [e.g. kainic
acid (KAR) and N-methyl-p-aspartate (NMDAR)], and receptors for other neuro-
transmitters [e.g., nicotinic acetylcholine (#AChR) and dopamine D1/D5 (DAR)],
leading to CREB activation. The dopamine receptor also activates CREB via adenyl-
ate cyclase (AC) and the cAMP/PKA pathway that channels into ERK through the
Rap-1/B-Raf module
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receptors in the postsynaptic membrane transduce the signal released
from the presynaptic terminal into electric and biochemical events in
the postsynaptic neurons. Different patterns of activation of NMDA-type
glutamate receptors can trigger long-term potentiation (LTP) or long-
term depression (LTD) of synaptic strength. LTP and LTD induction, as
characterized in the CA1 and CA3 regions of the hippocampus, occur in
postsynaptic neurons and require Ca** influx through the NMDA recep-
tor. These long-lasting forms of synaptic plasticity are pathways for en-
coding memories in the brain. The molecular details of plasticity related
to these stimuli include activation of signaling pathways mediated by
Ras (required for LTP), Rap-1 (required for LTD), and phosphoinositide
3-kinase (PI3-K) modules (Sheng and Kim 2002). The convergence of
distinct pathways on final effectors may cause signal amplification and
could provide a fail-safe mechanism in case one pathway becomes non-
functional (Fig. 2).

Apoptosis often results from interference with the strict regulation of
these pathways. Stimuli implicated in apoptosis causation include oxida-
tive stress, genetic defects, accumulated burden of endogenous or exoge-
nous factors, loss of neurotrophic support, excessive release of neuro-
transmitters known as excitotoxins, or virus infection. When inappro-
priate in timing or extent, apoptosis can trigger or account for progres-
sion of neurodegeneration in acute and chronic diseases. Excessive
amounts of glutamate, or glutamate function for prolonged intervals,
trigger neuronal cell death by overstimulating cognate receptors (Arun-
dine and Tymianski 2004). Excitotoxicity is involved in the pathogenesis
of ischemic brain injury, epilepsy, and neurodegenerative diseases. Cere-
bral ischemia was associated with activation of caspases-1, -3, -8, -9, and
-11 and the release of Cyt ¢ (Kang et al. 2003). Ischemic release of gluta-
mate, IL-15, TNF-a, or reactive oxygen species (ROS) can affect sur-
rounding neurons, a bystander cell death that is associated with activa-
tion of caspase-1 (Friedlander 2003). Bcl-2, Bag-1, and Hsp proteins ap-
pear to be targets of the caspase-dependent pathways in ischemia. How-
ever, Hsp27-mediated protection was minimal, with loss of CA3 hippo-
campal neurons reduced from 38% in the wild-type animals to 17% in
the transgenics (Latchman 2004). Frequently, a mix of both apoptotic
and necrotic cell death follows ischemic injury, with the core of the le-
sion characterized by necrotic cell death while apoptosis occurs in the
penumbra, where the degree of hypoxia is less severe.

Apoptosis is the predominant form of cell death in chronic neurode-
generative diseases. In some cases it is associated with genetic mutations
that activate the caspase cascade. One example is the Ts16 mouse, which
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is considered to be a model of Down syndrome (trisomy 21), a genetic
defect that is believed to confer vulnerability to neurodegeneration (Per-
kins et al. 2002b). Another example of such a disorder 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 associat-
ed with mutations in the gene encoding the free radical -scavenging en-
zyme Cu, Zn superoxide dismutase 1 (SOD1) in 3%-4% of ALS cases.
The proapoptotic activity of the mutant SOD1 is presumably due to an
unstable conformation that leads to increased levels of intracellular free
radicals and was associated with activation of caspases-1 —3 and -9, Cyt
c release, and proapoptotic changes in the Bcl-2 protein family (Pasinelli
et al. 2000). Virus-induced neuronal cell death results from a multiplicity
of virus-host cell interactions with distinct pathogenetic outcomes and
can be necrotic, apoptotic, or both.

4
Caspase-Independent and Stress-Activated Neuronal Cell Death

Caspase-3 activation was implicated in neuronal functions unrelated to
cell death (Rohn et al. 2004), and altered cross-talk between the caspases
and other signaling pathways was associated with the development or
progression of neurodegenerative disorders. For example, significant gli-
al response and IL-1 production were documented during early stages
of ALS, whereas induction of TNF-a and pro-caspase-8 activation were
detected in spinal cords, late during disease progression (Guegan et al.
2002). Transcriptional upregulation of the caspases, rather than their ac-
tivation, was reported in both chronic (e.g., ALS) and acute (e.g., stroke)
neurological disorders, and caspase-independent apoptosis was impli-
cated in neuronal cell death after stroke (Plesnila et al. 2004). Nonapop-
totic programmed cell death was also recently described, including the
Ras-activated “autophagic” cascade (Chi et al. 1999) and the cytoplasmic
or “trophotoxic” cascade that is associated with the activation of a tro-
phic and mitogenic factor receptor (Castro-Obregon et al. 2004).
Stress-activated kinase cascades implicated in neuronal apoptosis in-
clude the c-Jun N-terminal kinase (JNK) and p38 MAPK. JNK induced
apoptosis is generally transcription dependent, involving c-Jun as a tar-
get. In PC12 cells, JNK3 can trigger apoptosis or increase NGF-induced
neurite outgrowth (differentiation) concomitant with target switch from
ATF-2 in the apoptotic context to c-Jun in the differentiation context
(Waetzig and Herdegen 2003). Transcription-independent JNK- or
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p38MAPK-induced apoptosis was also described, for example, involving
JNK-mediated phosphorylation of the proapoptotic protein Bad on
Ser'?®, inhibiting the interaction of Ser'’® phosphorylated Bad with the
sequestering protein 14-3-3 (Bhakar et al. 2003). The cell type, stimulus,
and differentiation state can also affect the way in which cells die and
their vulnerability to death-inducing signal. In NGF-differentiated PC12
cells, apoptosis caused by loss of trophic growth support (NGF removal)
was associated with a significant decrease in ERK phosphorylation,
whereas both JNK and p38MAPK were associated with apoptosis in
PC12 cells differentiated with NGF together with cAMP (Lambeng et al.
2003). Similarly, early activation of p38MAPK was shown to protect neu-
rons from TNF-a cytotoxicity, whereas late activation of JNK and
p38MAPK coincided with apoptosis (Roulston et al. 1998). Overall, avail-
able data underscore the functional versatility of the apoptosis-related
molecules in physiological and pathological conditions, stress the com-
plexity and specificity of their cross-talk, and caution against facile con-
clusions relating to therapeutic interventions.

5
Signaling Pathways Involved in Neuronal Survival

The extracellular signal-related kinase (ERK) and PI3-K/Akt pathways
are generally involved in neuronal cell proliferation, differentiation, de-
velopment, cell cycle, and transmission of survival and mitogenic signals
(Lowes et al. 2002). These pathways 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 and regulate downstream signal-
ing proteins. Thus, in response to survival stimuli, the membrane-bound
G protein Ras adopts an active, GTP-bound state and it, in turn, coordi-
nates the activation of a multitude of downstream effectors. The ERK
survival pathway begins with the activation of c-Raf-1 kinase. It is fol-
lowed by the activation of MAP kinase kinase (MEK) and ERK and cul-
minates in the activation of transcription factors. The ERK survival
pathway overrides the effects of apoptotic signals, apparently by upregu-
lating antiapoptotic Bcl-2 proteins through transcription-dependent and
-independent mechanisms. The former involves activation of transcrip-
tion factors, such as the calcium/cAMP response element-binding pro-
tein (CREB) that binds to the cAMP response element (CRE) and acti-
vates gene transcription in response to a wide variety of extracellular
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signals, including growth factors, hormones ,and neurotransmitters.
Transcriptional activation of CREB is controlled through phosphoryla-
tion at Ser'*® 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 implicat-
ed in cell growth, differentiation, and development, and Elk-1, which in-
duces gene transcription in response to serum and growth factors
(Nebreda and Gavin 1999; Kaplan and Miller 2000). Transcription-inde-
pendent survival mechanisms mediated by activated ERK involve Rsk-2
(one of the three Rsk isotypes), which phosphorylates the proapoptotic
protein Bad, thereby causing its inactivation and favoring ERK-mediated
cell survival (Fig. 2). In addition to mediating neuronal survival, activat-
ed ERK also increases axonal growth and enhances axonal regeneration
after axotomy (Atwal et al. 2000) and plays an important role in synaptic
plasticity, learning, and memory (Adams and Sweatt 2002).

Cell surface receptors can also activate PI3-K, which in turn activates
Akt, involving phosphorylated phosphatidylinositides (PI-3,4-P, and
PI-3,4,5-P;) generated in the cell membrane (Kandel and Hay 1999).
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 inde-
pendent of PI3-K, but PI3-K is required for the activation of Rap-1, and
both pathways converge on MEK (York et al. 2000) (Fig. 2).

6
ERK and the Integration of Distinct Signals

How do pathways common to many systems integrate signals from a
wide spectrum of activities? The answer may be in the duration and in-
tensity of signaling through ERK, which appear to dictate its subcellular
compartmentalization and/or trafficking. This, in turn, dictates whether
ERK-expressing cells enter apoptosis, survival, or differentiation. The
dual-specificity phosphatases, MKPs, might be the link between the ki-
netics of ERK activation and its subcellular localization (Colluci-D’Ama-
to et al. 2003). Thus ERK stimulation by NGF is both rapid and sus-
tained. Sustained activation depends on signaling through the Rapl/B-
Raf module, whereas the Ras/c-Raf-1 module accounts for the immedi-
ate response (Vaudry et al. 2002). Translational control by ERK signal-
ing was also implicated in long-term synaptic plasticity and memory
(Kelleher et al. 2004). However, chronic ERK activation was implicated
in neurodegeneration (Colluci-D’Amato et al. 2003) and ERK was associ-
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ated with caspase-independent neuronal injury after ER stress (Arai et
al. 2004). Moreover, enzymatic activation may not be sufficient for the
successful propagation of a signal. Recent studies described scaffoldlike
molecules that tether components of a specific cascade into oligomeric
protein complexes and increase their local concentration or exclude ille-
gitimate cross-interaction. One such molecule, MEK partner 1 (MP1),
enhances the activation of ERK-1, but not ERK-2, suggesting that it
helps to discriminate between the two ERK isoforms (Schaeffer et al.
1999). This may reflect the different functions of the two isoforms. An-
other scaffold protein, Raf kinase inhibitor protein (RKIP), inhibits the
ERK pathway (Chong et al. 2003).

The overall conclusion is that under various cellular milieus, ERK
may activate different transcription factors or promote cell survival or
growth arrest by a transcription-independent mechanism. The neuron
type (CNS vs. PNS, cortical, striatal, or hippocampal, sensory or motor)
and its state of differentiation potentially contribute to the outcome of
ERK activation. Presumably, 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 the specific
cellular milieu that is under investigation. Because viruses can hijack all
of these pathways, the outcome of infection is virus- and cell type specif-
ic.

7
HSV-1, but Not HSV-2, Triggers Apoptosis in CNS Neurons

Both HSV serotypes can trigger or block apoptosis in a cell type-specific
fashion. Most efforts have focused on identifying viral gene products in-
volved in apoptosis prevention. However, relatively little is known about
the proapoptotic viral genes and their mechanism of action. In the hu-
man epithelial cell line HEp-2, apoptosis was triggered by HSV-1 mu-
tants containing a deletion in the viral immediate-early (IE) regulatory
genes ICP4 or ICP27, or by virus infection with wild-type virus in the
presence of cycloheximide, which only allows expression of the IE genes.
These findings were interpreted to indicate that apoptosis is mediated
by IE genes (Koyama and Adachi 1997; Sanfilippo et al. 2004). However,
in HeLa and BHK cells, HSV-1 evaded caspase activation, maintained
Bcl-2 RNA, and protected from the cisplatin-induced decrease in Bcl-2
RNA, apparently involving the antiapoptotic activity of ICP27 and ICP4
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(Leopardi and Roizman 1996; Aubert and Blaho 2001). In HSV-1-infect-
ed primary human embryonic lung (HEL) fibroblasts, AIF was translo-
cated to the nucleus, but apoptosis did not ensue. Cyt c release and
PARP cleavage were seen in HEL fibroblasts infected with an ICP4-delet-
ed mutant, but the cells were resistant to DNA degradation (Zhou and
Roizman 2000). HSV-2 induced apoptosis in a small fraction of Hep-2
cells, but apoptosis was not observed in Vero or HeLa cells. Both HSV-1
and HSV-2 triggered apoptosis in dendritic cells that are critical for the
stimulation of naive T cells (Jones et al. 2003), a likely mechanism of im-
mune evasion.

HSV-1 antiapoptotic genes include Us3, which codes for a serine-
threonine protein kinase (PK) and was implicated in protection from ap-
optosis induced by thermal or osmotic stress, UV irradiation, and Fas-
induced cell death in various cell lines. Underscoring the contribution of
cellular factors, a Us3-deleted mutant functioned in a caspase-indepen-
dent manner in the neuronal cell line SK-N-SH and a caspase-dependent
manner in Hep-2 cells (Hagglund et al. 2002). Us3 was shown to block
caspases that cleave Bad at sites predicted to render it more proapoptot-
ic (Benetti et al. 2003) and to function at undefined sites downstream of
Bax (Ogg et al. 2004). However, the HSV-1 mutant deleted in Us3 lost
virtually all neurovirulence after ic inoculation (Cartier et al. 2003), sug-
gesting that Us3 is involved in HSV-1 neurovirulence. y,34.5 is another
antiapoptotic HSV-1 gene. The protein binds/activates protein phospha-
tase la, which dephosphorylates the translation initiation factor eIF2.
This is associated with protection from apoptosis induced by the activat-
ed double-strand RNA-dependent kinase (PKR) (Tan and Katze 2000).
HSV-1 mutants deleted in y,34.5 were impaired in latency establishment
and CNS invasion (Bolovan et al. 1994). US5 that codes for glycoprotein
J was implicated in protection from Fas-induced death in HSV-1 infect-
ed cells (Jerome et al. 1999), and apoptosis was also blocked in SK-NS-H
cells by the HSV-1 glycoprotein gD, a function that requires protein gly-
cosylation (Zhou and Roizman 2000). Usl1 was also shown to enhance
survival in heat-shocked HeLa cells, apparently by binding the home-
odomain-interacting protein kinase 2 (HIPK2) and altering its intracel-
lular localization, and it blocked PKR -mediated apoptosis (Giraud et al.
2004). Finally, nuclear translocation of NF-«xB was implicated in apopto-
sis inhibition in HSV-1-infected Hep-2 cells (Goodkin et al. 2003), but
this was disputed by others (Taddeo et al. 2003).

Underscoring the cell specificity of the apoptotic response, not one of
the HSV-1 antiapoptotic proteins prevented virus-induced apoptosis in
CNS neurons. Indeed, HSV-1 triggered apoptosis in primary hippocam-
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Fig. 3 Schematic representation of apoptosis modulation in CNS neurons infected
with HSV-2 or HSV-1. Dotted lines represent potentially involved factors (from Per-
kins et al. 2003a)

pal cultures, involving activation of the JNK/c-Jun pathway (Perkins et
al. 2003a,b). HSV-1 infection increased the expression of the three JNK
isotypes (JNK1/2/3) and caused intense phosphorylation of JNK1/2. It
also induced phosphorylation (activation) of the JNK target c-Jun on

er® and Ser’’, residues that are phosphorylated by P-JNK (Kaplan and
Miller 2000). HSV-1-induced apoptosis of hippocampal neurons was in-
hibited by the pharmacological JNK inhibitor SP600125, indicating that
apoptosis is mediated by the activation of the JNK stress pathway. Cas-
pase-3 activation and cleavage of its target PARP were also involved in
the HSV-1-induced apoptotic cascade in hippocampal neurons, as was
the destabilization of the antiapoptotic protein Bcl-2, and increased ex-
pression of the proapoptotic protein Bad (Fig. 3). HSV-1 infection also
inhibited phosphorylation of the transcription factor ATF-2, which is ac-
tivated by JNK and dimerizes with c-Jun to cooperatively induce neuro-
nal apoptosis (Eilers et al. 2001). By contrast, HSV-2 did not trigger ap-
optosis in hippocampal neurons. Studies of mutants deleted in the N- or
C-terminal domains of the large subunit of ribonucleotide reductase
(also known as ICP10) indicated that this is due to the antiapoptotic ac-
tivity of the N-terminal PK activity (Perkins et al. 2002a, 2003a). Dorsal
root ganglia neurons infected with HSV-2 also did not undergo apopto-
sis, but apoptosis was seen in infected glial cells (Ozaki et al. 1997). Col-
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lectively the data indicate that apoptosis is the default outcome of CNS
infection with HSV-1, but not HSV-2.

8
Apoptosis Is a Component of HSV-1-Induced Encephalitis

In adults and older children (>6 months), HSV-1 causes a nonepidemic,
sporadic, acute focal encephalitis (HSE) that accounts for 10%-20% of
viral encephalitis cases among adults and older children in the United
States. Its prevalence is approximately 1 in 250,000-500,000 individuals
annually. Mortality from HSE in the presence of antiviral therapy is
50%-60%, and survivors are left with neurological sequelae involving
impairments in memory, cognition, and personality (Sauerbrei et al.
2000). Conditions that determine the ability of HSV-1 to reach and infect
the CNS are still unclear. In adults, transport is believed to occur pri-
marily by a neuronal route, via the olfactory nerves or tracts, or along
the branches of the trigeminal nerve innervating the basal meninges
(Craig and Nahmias 1973). The olfactory route is more widely accepted
because the limbic system includes the central olfactory pathways (Esiri
1982), and virus spread to the brain along the olfactory pathways was
demonstrated in mice given intranasal infections (Tomlinson and Esiri
1983). In adults and older children, HSV-2 infection of the CNS is com-
monly restricted to a self-limiting, nonfatal meningitis that is predomi-
nantly seen in patients with primary genital disease (Sauerbrei et al.
2000). The outcome of HSV-2 meningitis is excellent even without anti-
viral therapy, except in the immunocompromised, in which the infection
is more severe. The different transport pathway (intraneuronal for
HSV-1 and hematogenous for HSV-2) was implicated in the different
outcomes of infection (Craig and Nahmias 1973), but this was not con-
firmed. Notwithstanding, pathogenesis is likely to be determined by vi-
rus-mediated modulation of cellular signaling/apoptotic pathways as ev-
idenced by the finding that HSV-1, but not HSV-2, triggers apoptosis in
the CNS.

Cytopathologic manifestations of HSE include lytic (necrotic) effects
resulting from virus replication and inflammation. However, the severity
of histopathologic changes and neurological symptoms does not corre-
late with the viral burden in the brain, suggesting that mechanisms other
than virus-induced necrotic cell death are also involved in disease patho-
genesis. We found evidence of apoptosis (TUNEL+ neurons) in most
(75%) of the studied HSE brains. Because apoptotic cells are rapidly
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cleared in vivo (Johnson et al. 1997), the percentage of apoptotic neu-
rons represents a “snapshot” in time rather than being indicative of the
real extent of apoptosis in HSE brains. Significantly, however the TU-
NEL+ brains also stained with antibodies to activated JNK, caspase-3,
and cleaved PARP, and there was a strong correlation between these ap-
optosis-related findings and the presence of HSV-1 infection at the site
of apoptosis. The data suggest that apoptosis is HSV-1 induced and im-
plicate JNK activation in HSE pathogenesis. Consistent with these con-
clusions, apoptosis-related bystander death was reported in HSV-1-in-
fected mouse brain stems (Shaw et al. 2002), and apoptosis was implicat-
ed in neurovirulence as evidenced for an HSV-1 mutant that replicated
well in the CNS and PNS but was attenuated for neurovirulence (Pelosi
et al. 1998). Presumably, the failure of HSV-2 to cause HSE in adults is
due to the antiapoptotic activity of HSV-2-specific proteins.

HSV-1 has also been associated with Alzheimer disease (AD), a
chronic neurodegenerative disorder characterized by intracellular accu-
mulation of neurofibrillary tangles, abnormal deposition of the S-amy-
loid (Ap) 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 het-
erozygous for the type e4 allele of the apolipoprotein E gene (ApoE4)
may have a higher frequency of virus reactivation (Dobson et al. 2003).
In support of this hypothesis, viral DNA was detected in the brain of
many elderly people and HSV-1 glycoprotein B sequences were shown to
be homologous to Af, interact with the ApoE gene, and cause neuronal
death (Cribbs et al. 2000). However, other studies failed to detect the
HSV-1 genome in the brain or an association between its presence and
ApoE4 (Marques and Straus 2001).

Other members of the Herpesviridae family can also occasionally af-
fect the CNS, but apoptosis does not appear to be involved. Epstein-Barr
virus (EBV) causes infectious mononucleosis, which is accompanied by
a mild form of encephalitis in about 1 in 100 cases. Other neurological
complications, including seizures, Guillain-Barre syndrome, Bell palsy,
transverse myelitis, meningitis, and cranial nerve palsies may also occur
in about 36% of cases (Domachowske et al. 1996). Cytomegalovirus
(CMV) encephalitis is a complication seen in immunocompromised pa-
tients, where it has a high mortality rate (about 50%). At autopsy, up to
12% of HIV patients had evidence of CMV in the brain (Arribas et al.
1996). Complications associated with reactivation of Varicella Zoster vi-
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rus (VZV) include encephalitis, transverse myelitis, cerebral palsy, and
postherpetic neuralgia. Adults account for 55% of varicella-related
deaths, with encephalitis having a 10%-30% mortality rate. VZV in-
duces apoptosis in vitro in fibroblast and immune cells, but not in sen-
sory neurons (Hood et al. 2003), and reactivation of the HHV-6A variant
causes neurological complications (including encephalitis) in AIDS and
transplant patients (Kong et al. 2003). However, all these neurological
disorders appear to be independent of apoptosis, suggesting that neuro-
nal apoptosis is a default property specific for HSV-1.

9
The Role of Apoptosis in HSV Latency

What is the role of apoptosis in the HSV life cycle? On infection of skin
and mucosal membranes (primary infection), HSV is transported retro-
gradely to trigeminal and cervical (HSV-1) or sacral (HSV-2) sensory
ganglia, where the virus establishes latency. Latency is characterized by
viral DNA persistence in sensory neurons in a largely untranscribed
state, followed by periodic episodes of virus reactivation. Neurons are
nonpermissive for virus replication at the time of latency establishment/
maintenance, but during latency reactivation they become permissive
and virus replication ensues. How does HSV override the “default™
apoptotic program in sensory neurons in order to establish and reacti-
vate from latency? The answer is still unclear. One possibility is that vi-
ral proteins are not directly responsible for latency establishment and/or
reactivation, which depends on the availability of cellular factors re-
quired for virus replication. One such factor could be C1 (HCF, host cell
factor) that is essential for VP16-mediated transactivation of the viral IE
genes and virus replication. Indeed, C1 is sequestered in the cytoplasm
of latently infected sensory neurons but translocates to the nucleus un-
der conditions associated with virus reactivation (Kristie et al. 1995).
However, the general consensus is that viral genes are involved in HSV
latency, although their identity is still controversial. The latency-associ-
ated transcripts (LATs) were implicated in HSV-1 latency. The primary
LAT transcript (minor LAT) is approximately 8.3 kb long. In latently in-
fected ganglia, transcription of the HSV genome is restricted to LAT, pri-
marily the stable 2.0-kb intron that is spliced from the primary tran-
script. Because the 2.0-kb LAT overlaps the 3’ end of ICP0 mRNA and
ICPO is a major transactivator of HSV gene expression, it has been sug-
gested that LAT facilitates latency establishment/maintenance by reduc-
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ing viral gene expression through antisense suppression of ICPO
(Thompson and Sawtell 1997). An alternative hypothesis was that ICP0
expression is suppressed by the ORF P protein (potentially encoded by
the minor LAT), by inhibiting the splicing of ICPO transcripts. However,
both spliced and intron-containing ICPO transcripts were found in la-
tently infected ganglia, and their levels were not increased by LAT or
ORF P (Coen 2002).

Independent studies concluded that LAT is not absolutely required
for latency establishment and/or reactivation, but it is required for effi-
cient latency reactivation (Leib et al. 1989; Trousdale et al. 1991). One
group has recently reported the expression of a LAT protein encoded by
an ORF within the 2.0-kb intron, which acts somewhat like ICPO in that
it enhances lytic genes and promotes interaction with cellular transcrip-
tion factors (Thomas et al. 2002). However, most studies attributed the
role of LAT in latency reactivation to its antiapoptotic activity (Perng et
al. 2002; Thompson and Sawtell 2000; Ahmed et al. 2002). Presumably,
this ensures a large pool of latently infected cells that contributes to effi-
cient virus reactivation. In the HSV-1 rabbit eye model, antiapoptotic ac-
tivity was localized to LAT nucleotides 1-76 and 447-1499 and shown to
involve inhibition of caspase-9 activation (Jin et al. 2003). It is thought
that LAT counteracts apoptosis induced by corticosteroids that are up-
regulated by reactivation-inducing stress stimuli, and it may also stabi-
lize the translational complex, thereby leading to preferential expression
of cellular proteins that aid in cell survival (Ahmed et al. 2002). Still, the
antiapoptotic function of LAT in latency reactivation is controversial. Al-
though LAT enhances reactivation in the rabbit eye model, it does not
seem to be required in small-animal models (Jones 2003). Studies of the
LAT antiapoptotic activity were not done in neurons, although apoptosis
is cell type specific, and there is some concern that the LAT antiapoptotic
activity is unique to certain HSV-1 strains. More importantly, apoptosis
(caspase-3 activation)-induced HSV-1 reactivation (Hunsperger and
Wilcox 2003) and latency reactivation were associated with LAT down-
regulation by stress-induced cAMP early repressors (ICER) (Colgin et al.
2001). Therefore, if LAT is involved in latency reactivation, it may be by
a mechanism other than apoptosis, likely immune evasion. Indeed,
STAT1 (signal transducer and activator of transcription 1) binds the
LAT promoter, suggesting that cytokines may initiate or contribute to
LAT-mediated virus reactivation.

The failure of the HSV-2 LAT to (a) substitute for its HSV-1 counter-
part in promoting latency reactivation (Hill et al. 2003) and (b) modu-
late latency reactivation or its establishment (Wang et al. 2001) suggests



HSV-Induced Apoptosis in Herpes Encephalitis 95

that LAT is not involved in HSV-2 reactivation. A protein that appears to
be involved in HSV-2 latency is the PK domain of the large subunit of
HSV-2 ribonucleotide reductase (ICP10). The ICP10 promoter is the
only viral promoter with AP-1 cis-response elements (Aurelian 1998),
and basal ICP10 expression is controlled by AP-1 transcription factors
that are upregulated by latency-reactivating stimuli (Zhu and Aurelian
1997). An HSV-2 mutant deleted in the PK domain of ICP10 was signifi-
cantly impaired in latency establishment/ reactivation (Wachsman et al.
2001), and virus reactivation (by ganglia cocultivation) was inhibited by
an antisense oligonucleotide specific for ICP10, but not by other unrelat-
ed oligonucleotides (Aurelian and Smith 2000).

10
HSV-2 Antiapoptotic Genes and Neuronal Survival

HSV-2 does not trigger apoptosis in hippocampal or cortical neurons,
likely involving the contribution of viral antiapoptotic genes. The Us3
protein was shown to protect from apoptosis induced by osmotic shock,
but not in neurons, and only early in infection (Asano et al. 1999). The
HSV-2 UL14 protein was also implicated in protection of Hep-2 cells
from apoptosis induced by osmotic shock, apparently involving its Hsp-
like properties (Yamauchi et al. 2003). Their contribution to protection
from apoptosis in neurons is still unclear. Our recent microarray studies
(unpublished) indicated that HSV-2 infection upregulates cellular genes
that modulate neuronal functions. They include, among others, the p75
neurotrophin receptor, CLK1, which induces neuronal cell differentia-
tion in a manner akin to that employed by NGF (Myers et al. 1994), the
corticotropin-releasing factor receptor 1 (CRFR1), which is critical for
maintaining neuronal cell homeostasis (Bale et al. 2002), GAD-65, an
isoform of the brain enzyme glutamate decarboxylase involved in synap-
tic transmission (Buss et al. 2001), and the P2X purinoceptor that is in-
volved in glutamate release at primary sensory synapses and modulates
long-term potentiation in the hippocampus (Pankratov et al. 2002).
These genes were not upregulated by HSV-1, underscoring the different
functions of the two HSV serotypes in the CNS. However, their contribu-
tion to apoptosis inhibition is unknown.

The HSV-2 ICP10PK gene is the only viral antiapoptotic gene with an
established mechanism of action in the CNS. ICP10PK is a serine-threo-
nine PK located at the N-terminus of the large subunit (R1) of viral RR.
The ICP10PK catalytic core (at position 176-259) is preceded by a single
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transmembrane (TM) helical segment (position 85-105) followed by a
basic amino acid that is responsible for TM anchorage within the cell
membrane. Protein sequences upstream of the TM are localized to the
cell surface; those downstream of the TM, including the core catalytic
domain, are cytoplasmic (Aurelian 1998). Targets of the ICP10PK kinase
activity include calmodulin, the ubiquitous calcium sensor protein that
is involved in almost all intracellular events, and Ras-GAP, a negative
regulator of Ras that is inactivated by phosphorylation on serine-threo-
nine (Smith et al. 2000). In HSV-2 infected cells, ICP10PK binds Ras-
GAP at N-SH2 and PH modules, respectively involving ICP10PK phos-
photyrosine (pTyr) residues pT''” and pT'*' and a WD40-like sequence
at position 106-173. ICP10PK also binds the Grb,-Sos complex involving
the ICP10PK proline-rich motif at position 396 and the Grb, C-terminal
SH3 motif. As a result of its interaction with Grb,-Sos and the phosphor-
ylation (inactivation) of Ras-GAP, ICP10PK activates Ras (converts it to
the GTP-loaded form), thereby initiating activation of the MEK/ERK
cascade. The outcome is increased expression and metabolic stabiliza-
tion of the c-fos transcription factor (Nelson et al. 1996; Smith et al.
2000a). ICP10PK-mediated activation of the Ras/MEK/ERK pathway is
required for expression of the IE genes ICP4, ICP27 and ICP22, and
timely onset of virus growth (Smith et al. 1998. 2000a). ICP10PK is locat-
ed in the virion tegument (Smith and Aurelian 1997), and its synthesis
in infected cells is regulated with IE kinetics (Zhu and Aurelian 1997).
Its antiapoptotic activity in neurons does not require virus replication.
Studies of HSV-2 mutants respectively deleted in the PK (ICP10APK)
or RR (ICP10ARR) domains of ICP10 indicated that ICP10PK inhibits
virus-induced apoptosis in primary hippocampal and cortical cultures.
The antiapoptotic activity of ICP10PK was c-Raf-1 dependent, as evi-
denced by its loss in cells transfected with a dominant-negative c-Raf-1
mutant or a pharmacological inhibitor of c-Raf kinase (Perkins et al.
2003a). This is in contradistinction to the survival of uninfected hippo-
campal cultures, which was PI3-K dependent (Perkins et al. 2002a), sug-
gesting that survival pathways are switched by infection with HSV-2.
ICP10PK-mediated protection from virus-induced apoptosis was MEK/
ERK dependent and involved induction of Bag-1 expression, as evi-
denced by loss of protection and inhibition of Bag-1 upregulation with
the MEK-specific pharmacological inhibitor U0126. Protection was also
associated with Bcl-2 stabilization, presumably through interaction with
Bag-1 and CREB activation (Fig. 3). Significantly, apoptosis induced
by HSV-1 or ICP10APK was blocked by ectopic delivery of ICP10PK or
Bag-1, indicating that ICP10PK overrides virus-induced apoptosis.
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Moreover, neuronal protection by transfected ICP10PK or Bag-1 was ap-
proximately two- to threefold higher than the percentage of transfected
cells, indicative of a bystander effect in which neurons rescued from ap-
optosis by transfection produce trophic factors and/or form synapses
that stimulate the survival and adaptive responses of surrounding neu-
rons (Perkins et al. 2003a).

Recent studies indicate that ICP10PK also upregulates Rap-1 and ade-
nylate cyclase and activates the Rap-1/B-Raf module in virus-infected
hippocampal neurons (Smith et al., manuscript in preparation). Rap-1 is
a small GTPase that has an effector domain which is virtually identical
to that of Ras. In vitro, the active (GTP loaded) form of Rap-1 binds
most Ras effectors, a finding that was interpreted to indicate that Rap-1
is an antagonist of Ras signaling. However, this hypothesis is not sup-
ported by recent findings which indicate that Ras and Rap-1 can be acti-
vated by the same survival signal (Zwartkruis and Bos 1999). The exact
cross-talk between the activated Ras/Raf-1 and Rap-1/B-Raf modules in
HSV-2-infected hippocampal neurons is still unclear. Ras activation may
be required to sensitize the B-Raf/MEK/ERK pathway to GTP loaded
Rap-1. Rap-1 may also activate phosphorylated Raf-1, or Rap-1 may re-
quire, in addition to GTP loading, a posttranslational modification (such
as phosphorylation) to stimulate B-Raf/MEK activation (Bouschet et al.
2003). According to this interpretation, ICP10PK activates Ras, leading
to Raf-1 recruitment to the plasma membrane and its subsequent phos-
phorylation. In turn, the phosphorylated Raf-1 interacts with the intra-
cellular GTP-loaded Rap-1 and allows subsequent ERK activation. Rap-1
phosphorylation would also abolish its suppressive activity on Raf-1,
and hence, favor Raf-1 interaction with Ras. This interpretation visual-
izes the Ras/Raf-1 and Rap-1/B-Raf modules as converging on the MEK/
ERK cascade and is consistent with the finding that both the Ras- and
Rap-1-dependent signaling pathways are blocked by a dominant-nega-
tive c-Raf-1 mutant (Perkins et al. 2003a). ICP10PK also activates the
PI3-K/Akt pathway in stably transfected PC12 cells, although this path-
way is not activated in virus-infected hippocampal neurons (unpub-
lished). Collectively the data suggest that ICP10PK can activate a wide
spectrum of survival pathways, likely in a neuronal and stimulus-specif-
ic fashion (Fig. 4).

In addition to its inhibitory effect on HSV-1 induced apoptosis,
ICP10PK also blocks apoptosis caused by trophic factor deprivation, ex-
citotoxic injury in intrastriatally injected mice, or genetic defects, such
as in the Ts16 (Perkins et al. 2002b; Golembewski et al. 2003). ICP10PK
also protects from apoptosis induced by mutant SODI, as determined
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Fig. 4 ICP10PK functions as a receptor that activates various survival modules in-
cluding Ras/c-Raf-1, Rap-1/B-Raf, and PI3-K/Akt, providing a promising potential
antiapoptotic therapeutic for CNS disorders

from the study of mouse neuroblastoma cells that constitutively express
wild-type or mutated SOD1. Specifically, the cells were grown in serum-
free medium to differentiate to a neuronal phenotype, transfected with
the ICP10PK expression vector, and 24 h later treated with 100 M xan-
thine and 10 U/ml xanthine oxidase (X/XO) to generate superoxide an-
ion and hydrogen peroxide. Under such circumstances, the survival of
the wild-type cell line is significantly higher than that of the cells with
the mutant SOD1, indicating that the mutant SOD1 confers increased
vulnerability to oxidative stress (Pasinelli et al. 2000). The survival of
the X/XO-treated mutant cells that expressed ICP10PK was significantly
(p<0.01 by ANOVA) higher than that of the nontransfected cells or cells
similarly transfected with a PK-negative mutant of ICP10PK (unpub-
lished). The pathways involved in ICP10PK-mediated protection in these
other paradigms of neuronal cell death are still unknown, and are
presently under investigation. Nonetheless, it is tempting to conclude
that ICP10PK was coopted from a cellular gene (Smith et al. 2000) and
evolutionarily conserved to ensure neuronal cell survival, particularly in
face of other proapoptotic viral genes. The questions that arise are why
does the HSV-1 homolog of ICP10PK lack similar functions, and by ex-
tension, why did HSV-1 retain this coopted cellular gene.
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1
HSV Vectors for CNS Disease

Present interest in the use of HSV vectors for gene therapy of CNS dis-
eases was stimulated by the ability of HSV to infect postmitotic neurons
and its large foreign gene insertion capacity (up to 50 kb). To overcome
toxic effects related to neurovirulence, two types of vectors were devel-
oped, both based on HSV-1. The first type, known as amplicons, are
plasmids engineered to contain an HSV-1 origin of replication and an
HSV-1 “packaging” site along with a bacterial origin of replication. The
resulting hybrid plasmid is propagated in bacteria and subsequently co-
transfected with a defective HSV-1 helper recombinant, creating a mixed
population of viral particles that contain either the defective HSV-1 ge-
nome or concatemers of plasmid packaged into the HSV-1 capsid. Pro-
gress was recently achieved by novel purification procedures that result-
ed in significant reduction in helper virus. Still, the drawbacks of this
system include low vector titers and the high probability of recombina-
tion leading to the potential production of replication-competent virus.
The second type of HSV-1-based vectors are mutants deleted in mul-
tiple genes to reduce/eliminate their neurovirulence. They can be catego-
rized as replication-competent and replication-defective. The replica-
tion-competent vectors maintain a limited ability to replicate, a feature
that is desirable in order to achieve a more widespread dissemination in
vivo but is associated with cell damage (Huang et al. 1992). These vec-
tors are therefore suited for gene therapy of brain tumors, where they
are used as oncolytic vectors. Glioblastoma, the most common malig-
nant primary brain tumor, is an attractive target for anticancer gene
therapy because the tumors are highly localized and distant metastases
occur only rarely. An HSV-1 mutant (with deletions in the ICP6 and
7134.5 loci) was avirulent on intracerebral inoculation, killed tumor cells,
decreased tumor growth, and prolonged survival of tumor-bearing nude
mice (Mineta et al. 1995). A broad range of therapeutic genes can be
transduced into tumor cells by viral vectors. They include cytokines that
stimulate the immune response directed against tumor (e.g., IL-2, IL-12)
(Parker et al. 2000) or enhance the effect of gamma irradiation (e.g.,
TNF-a) (Moriuchi et al. 1998) as well as antiangiogenic factors (Im et al.
1999). Another approach (named “suicide gene therapy”) is based on
the ability of HSV thymidine kinase (TK) enzyme to preferentially acti-
vate the prodrug ganciclovir (GCV), an inhibitor of DNA replication.
GCV Kkills both tumor cells containing the TK gene (delivered with an
HSV-1, retrovirus, or adenovirus vector) and surrounding tumor cells.
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This approach also involves a “bystander effect,” whereby the number of
cells killed significantly exceeds the number of cells expressing viral TK
(Freeman et al. 1996). However, these vectors are not suitable for gene
therapy of chronic or acute neurological diseases.

HSV-1 vectors have been used to express foreign genes that protect
neurons from an ischemic insult by limiting neuronal death (e.g., Bcl-2)
(Antonavich et al. 1999) or restoring energy metabolism (e.g., glucose
transporter) (Dumas et al. 1999). HSV-1 vectors have also been used to
deliver growth factors [e.g., glial cell-derived neurotrophic factor
(GDNF)] to dopaminergic neurons in experimental models of Parkinson
disease, thereby halting neurodegeneration (Tomac et al. 1995). Transfer
of neurotrophic factor genes promoted survival of responsive neuronal
populations and had a beneficial role in modulation of local enzymatic
and neurotransmitter levels. Overall, however, these vectors suffer from
toxicity problems, and recently the focus of attention has shifted toward
maintaining neuronal function in addition to promoting survival (Du-
mas et al. 1999; McLaughlin et al. 2000).

Given the apoptotic activity of HSV-1, at least in the CNS, the use of
the HSV-1-based vectors for gene therapy of neurodegenerative diseases
needs re-evaluation. HSV-2, which does not cause encephalitis or apop-
tosis in the CNS, may be a better candidate for the development of vec-
tors for gene therapy of neurological disorders. In this context, ICP10
PK is a particularly promising candidate, because it activates the ERK
pathway that was implicated in LTP (determines cognitive functions)
(English and Sweatt 1996). This interpretation is supported by our re-
cent findings that a growth-defective HSV-2 mutant that retains the anti-
apoptotic gene ICP10PK protects from NMDA-induced excitotoxic inju-
ry in mice (Golembewski et al. 2003).

12
Conclusions and Perspective

Encephalitis as a neurological complication of HSV-1 infection is a dev-
astating disease, particularly in the absence of antiviral therapy. CNS
pathogenicity relates to multiple mechanisms including lytic effects due
to virus replication, inflammatory responses due, at least in part, to cy-
tokine production by microglial cells, and neuronal cell apoptosis, which
is a determining aspect of virus-induced CNS pathogenesis. Apoptotic
cascades are affected by signaling pathways, and none of these function
in isolation. The range of connections that allow integration between the
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various signaling and apoptotic pathways, and their modulation by virus
infection, are still poorly understood. 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 cas-
pase cascades are generally associated with cell death. However, ERK-as-
sociated cell death and JNK-mediated cell survival have also been re-
ported. Modular design of proteins and their expression patterns deter-
mine the signaling systems that are unique to each cell type. In trying to
reconcile studies done in different cell types it is crucial, therefore, to
consider the isoforms of the involved players and their intracellular lo-
calization. As these are often coupled to feedback and feedforward loops,
all considerations must be done in a temporally logical context. Thus
changes in individual components of signaling cascades may be tran-
sient, affecting a specific outcome (e.g., survival), or long-term, affecting
different outcomes (e.g., apoptosis). HSV infection can hijack any one of
these pathways, altering this sensitive balance. Indeed, the ability of
HSV to trigger and prevent apoptosis has been unequivocally deter-
mined in various cultured cells, and the available data suggest that apop-
tosis modulation is independent of virus replication. In CNS neurons,
HSV-1 triggers apoptosis, involving JNK/c-Jun and caspase activation
and culminating in the induction of the proapoptotic protein Bad. These
pathways are also associated with virus-induced encephalitis in adult hu-
mans. By contrast, HSV-2 does not trigger apoptosis in CNS neurons
nor cause encephalitis. This is likely due to the antiapoptotic activity of
the ICP10PK protein, which involves activation of the ERK survival
pathway culminating in the upregulation of Bag-1 and the stabilization
of Bcl-2, both of which are antiapoptotic.

HSV-1-induced activation of the hypothalamic-pituitary-adrenocorti-
cal (HPA) axis and production of brain-derived IL-1 and prostaglandin
2 were implicated in clinical and behavioral manifestations of encephali-
tis, independent of virus replication (Ben-Hur et al. 2003). Indeed, it is
becoming increasingly evident that the outcome of virus infection in the
brain is complicated by the contribution of glial cells (astrocytes, oligo-
dendrocytes, and microglia). Under physiological conditions, microglia
are quiescent. They begin to proliferate in response to pathological
stress, phagocytose damaged cells, and when hyperactivated, such as by
virus infection, may cause neuronal degeneration. IL-6, TGF-f, and
TNF-a produced by microglial cells are involved in excitotoxic neuronal
damage (Acarin et al. 2000). However, microglia can also produce neuro-
trophic factors, such as brain-derived neurotrophic factor (BDNF), NGF,
and GDNF that are neuroprotective (Suzuki et al. 2001). It is still not en-
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tirely clear whether microglia protect or harm neurons or whether TNE-
o is beneficial or toxic. Some studies suggest that TNF-o enhances inju-
ry (Barone et al. 1997), whereas others indicate that it induces antiapop-
totic factors and is protective. Still other studies suggest that TNF-¢ has
a deleterious effect during the acute response that occurs in the trauma-
tized brain but plays a key role in the long-term behavioral recovery and
tissue repair (Scherbel et al. 1999). After an ischemic brain insult, the in-
jured cells produce ATP, which activates microglia to produce TNF-a,
thereby protecting neurons from glutamate toxicity. Both ERK and JNK
are involved in TNF-a expression, and p38MAPK is involved in the nu-
cleo-cytoplasmic transport of TNF-o mRNA (Suzuki et al. 2004). Astro-
cytes 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 the release of
TGF-f, which activates the JNK/c-Jun pathway in neurons via the TGF-f
type II receptors. In this system, pathway activation leads to increased
transcription of neuroprotective genes (Dhandapani and Brann 2003),
presumably because the proapoptotic function of JNK/c-Jun is counter-
acted by neurotrophic factors in the CNS milieu. Significantly, microglia
do not support HSV replication, but they respond to infection with the
production of considerable amounts of cytokines, including TNF-o and
IL-6 (Lokensgard et al. 2001). Recent studies also suggest that microglia
that express the Toll-like receptor TLR2 secrete inflammatory cytokines
in the brain, and they are associated with HSV-1-induced encephalitis
(Kurt-Jones et al. 2004). The response of astrocytes and microglia to
HSV-2 infection is still unclear.

Understanding the cross-talk processes that interlink signaling sys-
tems in defined cell types is crucial to our understanding of cell function
and disease and ultimately to the development of appropriate therapies.
The therapeutic approach dictated by the complex multifactorial nature
of neurodegenerative disorders includes the targeting of both apoptotic
cell death and the decline in cognitive processes. The use of HSV vectors
in gene therapy may provide new avenues for treatment of neurological
disorders that involve apoptosis. However, the development of effective
HSV-1 vectors for the CNS is hampered by their cytotoxicity and apop-
totic activity. Data reviewed here suggest that HSV-2-based vectors may
have an additional advantage compared to HSV-1, in that the ICP10 PK
gene confers broad antiapoptotic activity in neurons. This includes inhi-
bition of apoptosis triggered by virus infection, neurotrophic factor dep-
rivation (a known etiologic factor of neurodegenerative disorders) ge-
netic defects (including ALS), and excitotoxicity (models of stroke and
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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 neurodegen-
erative disorders. However, additional studies are needed to elucidate
the contribution of microglia and astrocytes and determine the optimal
conditions for ERK activation in order to avoid potentially negative out-
comes.
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Abstract The baculoviruses make up a large, diverse family of DNA viruses that have
evolved a number of fascinating mechanisms to manipulate their insect hosts. One
of these is the ability to regulate apoptosis during infection by expressing proteins
that can inhibit caspase activation and/or activity, including the caspase inhibitor
P35 and its relatives, and the inhibitor of apoptosis (IAP) proteins. Experimental
manipulations of the expression of these antiapoptotic genes, either by genetic dele-
tions or by RNAI, have shed light on the effectiveness of apoptosis in combating bac-
ulovirus infection. The results of these experiments indicate that apoptosis can be an
extremely powerful response to baculovirus infection, reducing viral replication, in-
fectivity, and the ability of the virus to spread within the insect host even if a suc-
cessful infection is established. Apoptosis is especially effective when it is combined
with other innate antiviral defenses, which are largely unexplored in insects to date.
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1
The Baculoviruses

1.1
Baculovirus Characteristics

Members of the virus family Baculoviridae are distinguished by having
enveloped, rod-shaped nucleocapsids containing large, circular, double-
stranded DNA genomes (for reviews of baculoviruses, see Miller 1997
and Friesen and Miller 2001). All known baculoviruses infect only
arthropods. and most have highly restricted host ranges, being able to
productively infect only a few closely related species. The vast majority
of baculoviruses discovered to date infect lepidopteran (moth or butter-
fly) insect species of agricultural or silvicultural importance. Most of the
known baculoviruses produce two morphologically distinct types of
virions during infection, the budded virus (BV) form and the occluded
virus (OV) form. These two forms of virus have distinct roles in the in-
fection cycle in the host insect, with OV being responsible for horizontal
infections between hosts and BV being responsible for spreading infec-
tion within a host.

BV particles are produced first during infection and exit the cell by
budding through the plasma membrane, acquiring an envelope in the
process. BV particles are infectious in most cell types and are responsi-
ble for spreading infection throughout the tissues of the infected insect;
they are also the form of virus that is used to infect cultured cells during
the use of baculoviruses as vectors for expression of foreign genes. BV
particles enter cells by endocytosis and subsequent fusion of the viral
envelope with the endosomal membrane (Fig. 1A), and they are capable
of entering a wide variety of cells, not only from their insect host but
from other insects and even from mammalian species. Indeed, there is
interest in using baculoviruses as human gene therapy vectors, because
none of the viral genes is expressed in mammalian cells, but they can ef-
ficiently express foreign genes if an appropriate promoter is engineered
into the viral genome (Huser and Hofmann 2003).

OV, on the other hand, are produced later in infection when nucleo-
capsids remain in the nucleus of the infected insect cell, acquire an enve-
lope through an unknown process, and become enmeshed in large,
paracrystalline protein occlusions. The enveloped virions within OV,
known as occlusion-derived virus (ODV), are highly specialized for in-
fection of midgut epithelial cells, and, reflecting their ability to infect
this particular cell type, the proteins in the envelope of ODV are distinct
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Fig. 1 Infection by different baculovirus morphotypes. A Budded virus (BV) consists
of enveloped nucleocapsids that are produced by budding from the plasma mem-
brane of infected cells. BV attach to many different cell types and enter by endocyto-
sis, where fusion of the viral and endosomal membranes results in release of the nu-
cleocapsid into the cytoplasm. The nucleocapsid travels to the nucleus (N) and deliv-
ers the viral genetic material. B Occluded virus (OV) accumulates later in the nuclei
of infected cells and consists of enveloped occlusion-derived virions (ODV) that are
embedded in a paracrystalline matrix. In some baculoviruses, such as AcMNPYV,
ODV consist of clusters of nucleocapsids that are enveloped within a single mem-
brane. On entering the midgut of the lepidopteran host, the OV matrix dissolves, re-
leasing ODV that attach and enter midgut epithelial cells by direct fusion between
the viral and plasma membranes. In the case of multiply enveloped viruses such as
AcMNPYV, some nucleocapsids travel to the nucleus while others travel through the
epithelial cell and bud from the basal surface as BV. The BV that is produced must
then traverse the basal lamina in order to successfully enter the host
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from those found in BV. OV are highly resistant to environmental ex-
tremes and, if protected from light, can persist for long periods of time
until they are ingested as a contaminant of the insect’s food. Once they
enter the highly alkaline environment of the lumen of the lepidopteron
midgut, OV dissolve, releasing ODV that infect the epithelial cells lining
the midgut by a process believed to involve direct fusion of the ODV en-
velope and the midgut cell plasma membrane (Fig. 1B).

Currently two genera are recognized within the family Baculoviridae,
Nucleopolyhedrovirus and Granulovirus (referred to as NPV and GV, re-
spectively). The NPV have larger OV that contain many ODV particles,
whereas the OV form of GV (called granules) are smaller and contain a
single ODV particle. The complete genome sequences for nearly 20 dif-
ferent baculovirus species from both genera have been determined, and
partial sequences exist for many others, allowing for phylogenetic analy-
sis of a number of conserved viral genes (Herniou et al. 2003). The dis-
tinction between the two genera is also strongly supported by these
types of analyses. Within the OV of some NPV the ODV contain multiple
nucleocapsids within each envelope (MNPV), whereas others contain
only a single nucleocapsid per envelope (SNPV). The type species of the
NPV genus, Autographa californica nucleopolyhedrovirus (AcMNPV), is
an MNPV.

1.2
Baculovirus Infection at the Cellular Level

Once the nucleocapsid enters the cytoplasm and the viral DNA is deliv-
ered to the nucleus, the regulation of baculovirus gene expression is sim-
ilar to that of other DNA viruses, with genes being expressed in a tempo-
ral cascade fashion in early, late, and very late phases. An immediate-
early class of genes is also sometimes distinguished. Early viral genes
are expressed from promoters that resemble typical eukaryotic promot-
ers, and early expression is accomplished by host RNA polymerase II
(Friesen 1997). Among the early genes are included a number of late ex-
pression factor (lef) genes that are necessary for the replication of the
viral genome and expression of the late and very late classes of viral
genes (Rapp et al. 1998). A key viral transactivator is the IE-1 protein,
which is produced throughout the infection (Friesen 1997). At the end of
the early phase, viral DNA replication begins by a process thought to be
similar to the rolling circle mechanism (Lu et al. 1997). Once viral DNA
replication is initiated, expression of the late class of genes begins. Inter-
estingly, the expression of the late and very late classes is carried out by
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a virally encoded RNA polymerase that is made up of at least four sub-
units (Guarino et al. 1998). The use of a viral RNA polymerase is unique
among the nuclear replicating DNA viruses. The late and very late pro-
moters recognized by this polymerase are relatively simple in structure
and very different from host eukaryotic RNA pol II promoters. During
the late phase, BV is produced in large amounts. At some point, the tran-
scription of late promoters decreases and the viral RNA polymerase be-
gins to recognize and transcribe primarily very late promoters, which
are few in number and control the expression of proteins that are neces-
sary for the production of OV. The very late promoters are transcribed
at extremely high levels and thus are commonly used for driving the ex-
pression of foreign genes in baculovirus expression systems. OV are
formed in the nucleus of the infected cells, and eventually the infected
cells lyse in a manner that appears to be necrotic cell death.

2
Baculovirus Pathogenesis

2.1
Baculovirus Infection at the Organismal Level

Caterpillars can be experimentally infected by injection of BV into the
hemocoel, or interior body cavity. The open circulatory system of in-
sects allows the injected BV to be dispersed rapidly throughout the body
of the caterpillar, and most of the tissues of the insect become infected.
The natural route of infection, however, is by feeding on material con-
taminated with OV. Once ODV have successfully fused with midgut epi-
thelial cells, the infection must penetrate the basal lamina underlying
the midgut epithelium in order to spread into the rest of the insect. The
midgut epithelial cells from many lepidopteran species undergo a pro-
cess known as sloughing, or loss of cells from the epithelium into the
gut lumen. There is evidence suggesting that this sloughing process can
be increased in response to infection and thus might represent an effort
by the insect to rid itself of infected cells before the virus can penetrate
the basal lamina. In cells infected with enveloped ODV from MNPV,
which contain multiple nucleocapsids, it has been shown that a fraction
of the nucleocapsids enter the nucleus while the rest are transported to
the basal surface and directly bud from the cell, thus speeding up the
production of BV progeny by several hours (Volkman 1997). Thus the
MNPV strategy is thought to be an evolutionary adaptation to the
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sloughing response of the insect, allowing the successful penetration of
the virus into the hemocoel before the infected cell is lost. The nature of
midgut cell sloughing has not been investigated in any detail, and it is
tempting to speculate that it may be via an apoptotic mechanism.

The mechanism used by the virus to penetrate the basal lamina un-
derlying the midgut epithelium is somewhat controversial and may de-
pend on the virus-host combination. There is evidence that, in at least
some cases, the virus is able to infect tracheolar cells that penetrate the
basal lamina and supply oxygen to the midgut cells, and thus pass
through the basal lamina into the hemocoel (Engelhard et al. 1994).
There may also be cases where the virus is able to gain access to the
hemocoel through other mechanisms such as small openings or gaps in
the basal lamina (Federici 1997). In any case, once past the basal lamina,
the virus is thought to spread primarily by circulating through the
hemocoel, in many cases infecting hemocytes (blood cells), which are
thought to help amplify and spread the infection. However, in at least
one case (AcMNPYV infection of Spodoptera frugiperda) there is evidence
suggesting that hemocytes do not play an important role in this process
(Clarke and Clem 2002). Organs within the insect are also lined with epi-
thelia that have basal laminae, and again there is evidence that the virus-
es use tracheal epithelial cells as a conduit into the interior of these or-
gans. In a typical infection, most of the organs of the insect become
heavily infected and produce large amounts of both BV and OV, and it is
common for a single infected insect to yield more than a billion OV par-
ticles. The virus encodes enzymes that help in the degradation of the in-
sect tissues, including a chitinase and a cathepsin-like protease. Expres-
sion of these enzymes is necessary for melting or liquefaction of the in-
sect cadaver, which helps in dispersing the OV in the environment.

3
Baculoviral Antiapoptotic Genes

3.1
The p35 Gene

The first baculovirus antiapoptotic gene was discovered by analysis of a
spontaneous AcMNPV mutant called the annihilator. Whereas AcMNPV
infection of cultured SF-21 cells, derived from Spodoptera frugiperda
(fall armyworm), normally results in production of BV and OV and even-
tual necrotic cell death, infection with the annihilator mutant resulted in
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apoptosis, as well as decreased production of BV and a complete lack of
OV (Clem et al. 1991; Hershberger et al. 1992; Clem and Miller 1993).
Complementation analysis revealed that the mutation in the annihilator
was due to a deletion in a gene called p35 (Clem et al. 1991), which had
been sequenced previously (Friesen and Miller 1987).

The P35 protein has subsequently been shown to be the most widely
acting caspase-inhibiting protein known and has been used extensively
to study apoptosis in many different systems. P35 is able to directly bind
and inhibit a wide variety of caspases. Its mechanism of action has been
well studied and involves cleavage of the P35 protein by the caspase, fol-
lowed by a conformational change that results in a covalent bond being
formed between the caspase and P35 (Xu et al. 2001; Eddins et al. 2002).

P35 appears to be a more effective inhibitor of effector-type caspases
than initiator caspases, because it has low activity against human cas-
pase-9 (Vier et al. 2000), the apical Drosophila caspase Dronc (Meier et
al. 2000), or the presumed equivalent of Dronc in S. frugiperda, which
has been termed Sf-caspase-X (LaCount et al. 2000). Although homologs
of P35 have been described in several other baculoviruses, to date genes
with homology to p35 have not been identified in the genomes of other
organisms. One of these other baculovirus proteins with homology to
P35, the P49 protein from Spodoptera litura NPV (SINPV), is able to in-
hibit the initiator caspases Dronc (Jabbour et al. 2002) and Sf-caspase-X
(Zoog et al. 2002).

3.2
Baculovirus IAP Proteins

IAP proteins are found in cellular genomes ranging from yeast to hu-
mans, and for information on their functions in regulating apoptosis
and other cellular functions the reader is referred to recent reviews on
IAPs (Salvesen and Duckett 2002; Liston et al. 2003). The focus of this
section will be on the baculovirus IAPs. The first iap genes were discov-
ered by virtue of their ability to complement the annihilator mutant and
were derived from the baculoviruses Cydia pomonella GV (Cp-iap) and
Orgyia pseudotsugata NPV (Op-iap) (Crook et al. 1993; Birnbaum et al.
1994). At least one iap gene is present in almost all of the baculovirus
genomes that have been sequenced to date, whereas p35 genes are only
present in a subset of baculoviruses. Genes with homology to baculovi-
rus iap have been identified in the genomes of eukaryotes ranging from
yeast to humans. In yeast and nematodes, igp genes appear to be in-
volved in regulating cell division rather than apoptosis, but in higher an-
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imals, including insects and mammals, iap genes are important in regu-
lating apoptosis. Interestingly, to date all of the viruses encoding iap
genes are able to infect arthropods, including baculoviruses, ento-
mopoxviruses, iridoviruses, and African swine fever virus (which infects
ticks as an obligate part of its replication cycle), suggesting that IAP pro-
teins are especially important in regulating apoptosis in insects and oth-
er arthropods.

In addition to Op-IAP and Cp-IAP, several other baculovirus iap
genes have been shown to have antiapoptotic activity (Maguire et al.
2000; Tkeda et al. 2004). However, many of the baculovirus iap genes that
have been tested do not seem to be able to inhibit apoptosis (Clem and
Miller 1994; Bideshi et al. 1999; Maguire et al. 2000). The function of
these genes is unclear, and it may be that they have anti-apoptotic activ-
ity only in certain situations; alternatively, they may function in other
cellular or viral processes by virtue of their ability to function as E3
ubiquitin ligases, as has been shown for a number of viral and cellular
IAPs (Yang et al. 2000; Imai et al. 2003; Green et al. 2004).

3.2.1
The Op-IAP Protein

The best-studied baculovirus IAP is Op-IAP. Expression of Op-IAP very
effectively inhibits apoptosis stimulated by a variety of signals in SF-21
cells, including AcMNPV annihilator mutant infection, UV light, actino-
mycin D, and expression of Hid, Reaper, and Grim, three proapoptotic
proteins from Drosophila (Birnbaum et al. 1994; Manji et al. 1997; Vucic
et al. 1997, 1998). Suppression of Op-IAP expression by RNAi has been
used to demonstrate that this protein is also required to prevent apopto-
sis during infection of lepidopteran cells by its cognate virus, OpMNPV
(Means et al. 2003). However, the mechanism by which Op-IAP inhibits
apoptosis is still unclear. Op-IAP contains two predicted BIR domains
and a C-terminal RING domain. The roles of these domains in inhibiting
apoptosis in the cell line SF-21 have been carefully examined (Vucic et
al. 1998; Wright and Clem 2002). The function of BIR1 is unknown, but
its removal only slightly reduces Op-IAP’s ability to protect against
overexpression of Hid. BIR2, on the other hand, is critical for the anti-
apoptotic function of Op-IAP. Mutations in BIR2 eliminate binding to
HID, Reaper, and Grim and also completely abrogate antiapoptotic ac-
tivity. BIR2 binds the N-terminus of Hid with a mechanism very similar
to that of Smac binding to XIAP, and the sequences flanking BIR2 are
also important for antiapoptotic function, although not for Hid binding,
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which is dependent only on the BIR2 core sequence (Wright and Clem
2002). The RING domain is also important for Op-IAP function, as re-
moval of the RING completely eliminates the ability of Op-IAP to inhibit
apoptosis due to p35-mutant virus infection or actinomycin D, and
RING mutants have only a weak ability to protect Sf21 cells from HID
overexpression (Vucic et al. 1998; Wright and Clem 2002). The RING do-
main of Op-IAP has E3 ubiquitin ligase activity and is capable of pro-
moting ubiquitination of itself and of Hid (Green et al. 2004). Op-IAP
functions upstream of P35 in Sf21 cells, because expression of Op-IAP
blocks processing of Sf-caspase-1, an effector caspase found in these
cells, whereas P35 does not (Manji et al. 1997; Seshagiri and Miller
1997). Additional recent evidence indicates that Op-IAP functions up-
stream of caspase activation altogether in Sf21 cells (Zoog et al. 2002).

Op-IAP is also able to protect mammalian cells against apoptosis in-
duced by a variety of stimuli, including overexpression of caspases or
FADD, infection with Sindbis virus, or treatment with tumor necrosis
factor (TNF) or anti-fas antibody (Duckett et al. 1996; Hawkins et al.
1996, 1998). Thus the mechanism(s) used by Op-IAP to inhibit apoptosis
must be conserved in insects and mammals. Although it was shown that
Op-IAP expression inhibited apoptosis in mammalian cells induced by
overexpression of caspase-1 or -2 (Hawkins et al. 1998), there are no di-
rect data supporting the hypothesis that Op-IAP can directly interact
with and inhibit caspases. In fact, it has been reported that Op-IAP is
not able to inhibit human caspase-9 (Huang et al. 2000), and unpub-
lished results indicate that Op-IAP does not inhibit the Drosophila cas-
pases Dronc, Drice, or Dcp-1 (C.W. Wright, J.C. Means, T. Penabaz, R.].
Clem, submitted). Interestingly, although Op-IAP can inhibit apoptosis
very efficiently in SF-21 cells and mammalian cells, it does not appear to
have antiapoptotic activity when expressed in Drosophila S2 cells (C.W.
Wright, J.C. Means, T. Penabaz, R.J. Clem, submitted) or in the fly eye
(B. Hay, personal communication).

4
Evidence for Apoptosis Being an Antiviral Defense

4.1
Antiviral Immunity in Insects

In vertebrate animals, two arms of the immune system exist: innate and
acquired immunity. Innate immunity is rapid and relatively nonspecific
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and does not result in immunologic memory, whereas acquired immuni-
ty involves antibodies and T cells that can recognize specific foreign
agents and invoke long-term memory. Insects do not appear to possess
acquired immunity, but they do possess powerful innate immune sys-
tems. Insect innate immunity can be further divided into cellular and
humoral mechanisms (Gillespie et al. 1997). The cellular immune re-
sponse is mediated by the hemocytes, or blood cells, of insects. Hemo-
cytes are capable of phagocytosing small foreign objects, including mi-
crobes such as viruses, bacteria, and fungi, or encapsulating larger ob-
jects. Encapsulation involves attachment of multiple layers of hemocytes
around a foreign agent, cutting off oxygen and nutrient supplies. Hemo-
cytes can also activate the phenyloxidase system, resulting in melaniza-
tion and death of invading microbes. The humoral immune response in-
volves the production of a variety of antimicrobial lectins and peptides
that are capable of binding to and/or causing membrane damage and
death in bacteria and fungi. The synthesis of these antibacterial and an-
tifungal peptides is regulated by genetic pathways that have the subject
of intense investigation in Drosophila (reviewed in Hoffmann 2003).
Although the molecular basis for antibacterial and antifungal immu-
nity in insects is becoming clearer, the mechanisms responsible for anti-
viral immunity in insects are still poorly understood. Some of the most
interesting work to date has come from studies using AcCMNPV to infect
the lepidopteran insects Helicoverpa zea and Manduca sexta (Washburn
et al. 1996, 2000). In these species, hemocytes are able to encapsulate
cells and tissues infected with AcMNPV. Suppression of the cellular im-
mune response with chemicals or by parasitization led to increased virus
replication and spread, leading the authors to suggest that recognition
and encapsulation of infected cells could be at least partially responsible
for limiting infection in this species. The hemocytes from H. zea also ap-
pear to be highly resistant to infection and may play a role in clearing
virus from the hemolymph (Trudeau et al. 2001). At this time, it is not
known how widespread this type of immunity is among other insects.

4.2
Infection with ACMNPV p35-Mutant Viruses

Evidence that apoptosis can be involved in insect defense against viruses
originally came from work that was performed in the laboratory of
the late Dr. Lois Miller. The first indication that apoptosis could be
detrimental to virus replication came from studies using cultured cells.
Infection of SF-21 cells with the annihilator mutant or other strains of
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AcMNPYV with mutations in the p35 gene resulted in yields of BV that
were decreased at least 100-fold compared to control viruses containing
p35, as well as a complete lack of OV (Hershberger et al. 1992; Clem and
Miller 1993). In contrast to the SF-21 cell line, p35-mutant viruses did
not induce apoptosis in a different cell line, TN-368, derived from the
cabbage looper Trichoplusia ni, but instead replicated normally, produc-
ing normal yields of both BV and OV (Hershberger et al. 1992; Clem and
Miller 1993).

When p35-mutant viruses were used to infect S. frugiperda larvae by
either hemocoelic injection of BV or feeding of OV, they were found to
have drastically reduced infectivity compared to wild-type virus. Injec-
tion of BV into S. frugiperda larvae resulted in an increase in LDs, (the
dose required for 50% lethality) of the p35-mutant virus of more than
1,000-fold compared to control virus containing p35 (Clem and Miller
1993), whereas feeding of OV to S. frugiperda larvae revealed a 25-fold
increase in the concentration of OV required for lethality (Clem et al.
1994). Importantly, in T. ni larvae, the infectivity of the p35-mutant
viruses was equivalent to that of the control viruses by both methods of
inoculation, further suggesting that the reduced infectivity in S.
frugiperda larvae was due to an apoptotic response.

If the decreased infectivity in S. frugiperda larvae was due to an apop-
totic response, then blocking apoptosis with a different antiapoptotic
gene should restore full infectivity. This hypothesis was tested by replac-
ing the p35 gene with Cp-iap, which appears to block apoptosis at a dif-
ferent step in the apoptotic pathway. When a virus lacking p35 but ex-
pressing the Cp-iap gene was injected into S. frugiperda larvae, the virus
had infectivity equivalent to wild-type AcMNPV (Clem et al. 1994). This
result strongly suggests that apoptosis caused the defect in infectivity of
the p35-mutant virus, and that apoptosis can serve as an effective antivi-
ral defense mechanism.

These early experiments have been followed up more recently by
studies using viruses that express enhanced green fluorescent protein
(eGFP) from a constitutive host promoter to be able to follow the pro-
gression of infection within the insect. Similar to previous results with
untagged viruses, a drastic negative effect on infectivity was seen when
eGFP-expressing viruses that either contained or lacked the p35 gene
were used to infect S. frugiperda larvae by injection of BV into the
hemocoel (Clarke and Clem 2003). Even when very high doses of p35-
deleted BV (more than 2,000 times the LDs, for wild type) were injected
into S. frugiperda, the majority of the insects showed no signs of eGFP
expression either externally or internally, indicating that the insects were
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able to inactivate and clear large amounts of virus. In the case of those
larvae that were successfully infected, most expressed eGFP transiently
in the fat body and epithelial tissues for the first 2 days after infection.
External eGFP expression was observed only in very localized regions
that tended to be on the ventral surface of the caterpillar, and the infec-
tion did not spread. These larvae died after a prolonged time, but their
death did not seem to be directly due to virus infection. Only in a small
proportion of larvae (around 10% of the total number injected) did the
infection progress throughout the tissues and appear somewhat normal.
However, even in these larvae, the infection spread slower than normal,
and titers of virus in the hemolymph were significantly reduced com-
pared to wild-type infections. S. frugiperda larvae infected with p35-mu-
tant AcCMNPV also do not undergo the melting or liquefaction that nor-
mally occurs after the death of baculovirus-infected caterpillars (Clem
and Miller 1993; Clarke and Clem 2003).

When infected tissues from S. frugiperda larvae (as determined by
eGFP fluorescence) were examined for signs of apoptosis by TUNEL as-
say, larvae infected with wild-type virus were negative for TUNEL stain-
ing until late times after infection, when weak TUNEL staining was ob-
served (Clarke and Clem 2003). These wild type-infected cells did not
appear apoptotic morphologically but instead displayed typical baculo-
virus cytopathic effects including nuclear swelling, indicating that the
TUNEL staining seen at late times was artifactual. Larvae infected with
p35-mutant virus, however, displayed strong TUNEL staining through-
out the infection process, and TUNEL-positive cells had highly frag-
mented nuclei, indicative of apoptosis. Tissues infected with the p35-mu-
tant virus also were highly fragmented in nature, presumably due to
large numbers of apoptotic cells.

These results indicate that apoptosis does indeed occur during p35
mutant infection in S. frugiperda, and support the hypothesis that apop-
tosis can be an effective defense against baculovirus infection. However,
during characterization of the infection of S. frugiperda with wild-type
AcMNPYV, it was noted that the larvae were somewhat resistant to infec-
tion by the hemocoelic injection route compared to T. ni larvae (Table 1)
(Clarke and Clem 2002). Whereas the LDs, for T. ni larvae was found to
be less than 1 plaque forming unit (PFU)/larva, that for S. frugiperda
was calculated at 20 PFU/larva. This difference begs the question of how
effective apoptosis would be without this background resistance seen
against wild-type AcMNPV in §. frugiperda. To resolve this question,
similar experiments were carried out in a related species, Spodoptera ex-
igua (Table 1). The LDy, for S. exigua was found to be 4 PFU/larva,
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Table 1 Infectivity differences between wild-type AcMNPV and p35-mutant AcMNPV
in different insect species

Species LDs,* LDs, Fold difference
Wild-type AcMNPV  p35-mutant ACMNPV

T ni <1® <1 ~1

S. frugiperda 20 >1x10° >5,000

S. exigua 4 265 66

? Lethal dose required for 50% lethality.
® Plaque-forming units (PFU) per larva.

which is intermediate compared to T. ni and S. frugiperda. Thus S. ex-
igua is not as resistant to wild-type AcMNPV as S. frugiperda. The LDs,
for p35-mutant AcMNPV in S. exigua larvae was 265 PFU/larva, a 66-
fold increase compared to wild-type AcMNPV. When S. exigua larvae
that had been infected with p35-mutant virus were examined by TUNEL
assay, widespread apoptosis was observed (T.E. Clarke, L. Heaton and
R.J. Clem, submitted). Thus apoptosis also appears to be an effective re-
sponse against ACMNPYV infection in S. exigua. However, the difference
between the LDs, of wild type and the p35 mutant in S. frugiperda is
much greater than in S. exigua (Table 1). Thus it appears that a second
mechanism of resistance (such as that operating in S. frugiperda) can
act synergistically with apoptosis to form a far more effective barrier to
infection. However, even in S. exigua, where a 66-fold difference exists
between the LDs, of wild type and the p35 mutant, apoptosis is quite ef-
fective at limiting baculovirus infectivity.

Interestingly, another group has reported that the LD5, for AcCMNPV
in S. frugiperda is similar to that of T. ni, less than 1 PFU/larva (Haas-
Stapleton et al. 2003). The difference in LDs, results between the two lab-
oratories is puzzling, because a difference has only been reported with S.
frugiperda, and not with T. ni, for which both laboratories report similar
results. Variations in the strains of virus or S. frugiperda larvae used
have been ruled out, and at this point it appears that the difference lies
in the method used to inject the insects. Regardless of the reason, the re-
sults indicate that some type of uncharacterized antiviral resistance
mechanism can be triggered in S. frugiperda.
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5
Conclusions

The work done so far in characterizing the effects of apoptosis on AcM-
NPV infection in S. frugiperda and S. exigua has provided some of the
best evidence to date that apoptosis can be a highly effective response
by animal hosts against virus infection. Because many different families
of viruses contain antiapoptotic genes, it appears that apoptosis is an an-
cient response to virus infection, and probably all viruses have had to
evolve ways to deal with this cellular defense mechanism. All bac-
uloviruses sequenced to date contain at least one antiapoptotic gene,
namely homologs of p35 or iap or both, indicating that apoptosis can
deal a heavy blow to the ability of baculoviruses to successfully infect
insects.

It appears that an apoptotic response by initially infected cells effec-
tively “raises the bar” in terms of the amount of virus inoculum that is
required to successfully establish an infection. However, the effectiveness
of apoptosis can be greatly enhanced by other mechanisms of resistance.
In S. frugiperda, mutation of p35 results in an increase in LDs, of greater
than 1,000-fold, whereas in S. exigua, which are more susceptible to
wild-type AcMNPV infection, the increase is only around 66-fold. In
those S. frugiperda larvae that are successfully infected, the spread of
AcMNPYV p35 mutant infection is also severely limited, much more so
than in S. exigua. Thus apoptosis appears to be only one mechanism that
is used by insects to resist baculovirus infection, and its usefulness is
greatly enhanced if more than one mechanism can be brought to bear
on the invading virus. The nature of these other resistance mechanisms
is largely unexplored but may involve phagocytosis of virally infected
cells. So far, all of the in vivo work that has been done on the role of ap-
optosis in defense against baculovirus infection has been done by injec-
tion of BV into larvae. The next phase of research will involve determin-
ing whether an apoptotic response is important in the midgut epitheli-
um, which is the initial site of invasion in a natural baculovirus infec-
tion.
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Abstract Salmonella enterica is an important enteric pathogen of humans and a vari-
ety of domestic and wild animals. Infection is initiated in the intestinal tract, and se-
vere disease produces widespread destruction of the intestinal mucosa. Salmonella
strains can also disseminate from the intestine and produce serious, sometimes fatal
infections with considerable cytopathology in a number of systemic organs. A com-
bination of bacterial genetic and cell biology studies have shown that Salmonella
uses specific virulence mechanisms to induce host cell death during infection. Sal-
monella produces one set of virulence proteins to promote invasion of the intestine
and a different set to mediate systemic disease. Significantly, each set of virulence
factors mediates a distinct mechanism of host cell death. The Salmonella pathoge-
nicity island-1 (SPI-1) locus encodes a type III protein secretion system (TTSS) that
delivers effector proteins required for intestinal invasion and the production of en-
teritis. The SPI-1 effector SipB activates caspase-1 in macrophages, releasing IL-1f3
and IL-18 and inducing rapid cell death by a mechanism that has features of both
apoptosis and necrosis. Caspase-1 is required for Salmonella to infect Peyer’s patch-
es and disseminate to systemic tissues in mice. Progressive Salmonella infection in
mice requires the SPI-2 TTSS and associated effector proteins as well as the SpvB cy-
totoxin. Apoptosis of macrophages in the liver is found during systemic infection. In
cell culture, Salmonella strains induce delayed apoptosis dependent on SPI-2 func-
tion in macrophages from a variety of sources. This delayed apoptosis also requires
activation of TLR4 on macrophages by the bacterial LPS. Downstream activation of
kinase pathways leads to balanced pro- and antiapoptotic regulatory factors in the
cell. NF-xB and p38 mitogen-activated protein kinase (MAPK) are particularly im-
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portant for the induction of antiapoptotic factors, whereas the kinase PKR is re-
quired for bacterial-induced apoptosis. The Salmonella SPI-2 TTSS is essential for
altering the balance in favor of apoptosis during intracellular infection, but the effec-
tors involved remain poorly characterized. The SpvB cytotoxin has been shown to
play a role in apoptosis in human macrophages by depolymerizing the actin cyto-
skeleton. A model for the role of bacteria-induced host cell death in Salmonella
pathogenesis is proposed. In the intestine, the Salmonella SPI-1 TTSS and SipB me-
diate macrophage death by caspase-1 activation, which also releases IL-1 and IL-18,
promoting inflammation and subsequent phagocytosis by incoming macrophages
and leading to dissemination to systemic tissues. Intracellular secretion of virulence
effector proteins by the SPI-2 TTSS facilitates growth of Salmonella in these macro-
phages and the delayed onset of apoptosis in extraintestinal tissues. These infected,
apoptotic cells are targeted for engulfment by incoming macrophages, thus perpetu-
ating the cycle of cell-to-cell spread that is the hallmark of systemic Salmonella in-
fection.

1
Introduction

Salmonella enterica strains are facultative intracellular pathogens that
can produce both localized enteritis and disseminated systemic disease
in humans and a variety of other vertebrates (Ohl and Miller 2001). Nat-
ural Salmonella infections are acquired exclusively through ingestion,
with subsequent colonization of the intestine. The organisms are able to
attach to the intestinal epithelial cells and induce uptake of the bacteria
into specialized membrane-bound vesicles termed Salmonella-contain-
ing vacuoles (SCV) (Holden 2002; Knodler and Steele-Mortimer 2003).
This invasion process requires the function of a type III protein secre-
tion system (TTSS) encoded in the Salmonella pathogenicity island-1
(SPI-1) locus (Galan 2001). The SPI-1 TTSS transfers a number of bacte-
rial effector proteins into host epithelial cells, producing physiological
and structural changes in the cytoskeleton leading to bacterial uptake.
In epithelial cell culture systems, Salmonella strains are able to prolifer-
ate within the SCV and also traverse the epithelial cell to be released
from the basolateral side (Finlay et al. 1988). Studies using polarized epi-
thelial cell monolayers have shown that Salmonella infection stimulates
a chloride secretory response as well as the induction and release of
proinflammatory mediators (Eckmann et al. 1993; Resta-Lenert and Bar-
rett 2002; Mrsny et al. 2004). It is likely that the diarrhea, fever, and ab-
dominal pain characteristic of Salmonella enteritis are due to a combi-
nation of these secretory and inflammatory processes. Although Salmo-
nella infection is known to localize in the Peyer’s patch lymphoid tissue
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(Jones et al. 1994), the diffuse nature of the mucosal pathology in hosts
that develop enteritis suggests that epithelial cells in addition to the spe-
cialized M cells of Peyer’s patches are targets for Salmonella invasion
(Santos et al. 2001c¢). In severe cases, there is diffuse loss of epithelium
and the normal mucosal architecture is destroyed, suggesting that Sal-
monella invasion and/or the resulting inflammation causes extensive cell
death in the epithelial layer (Santos et al. 2001c). Mucosal macrophages
phagocytose Salmonella, but a massive influx of neutrophils quickly en-
sues in animals that develop clinical enteritis. Salmonella rapidly dis-
seminate to systemic organs of the reticuloendothelial system by a
mechanism dependent on CD18-positive cells (Vazquez-Torres et al.
1999). Although enteritis can be severe, particularly in young hosts, the
disease is often brief, and the rapid resolution before the onset of the ac-
quired immune response indicates that elements of innate immunity
likely contribute to the termination of intestinal disease. However, the
elimination of extraintestinal Salmonella depends on a T cell-mediated
acquired immune response (Jones and Falkow 1996). In particular, a de-
fect in CD4 T cells, as seen in HIV infection and other states of defective
cellular immunity, leads to chronic and severe disseminated salmonello-
sis (Libby et al. 2002). A second Salmonella TTSS, encoded by the patho-
genicity island-2 locus (SPI-2), is required for strains to produce sys-
temic disease (Waterman and Holden 2003). Additional virulence genes,
including the Salmonella intracellular toxin SpvB, promote systemic in-
fection. A large body of experimental evidence indicates that extrain-
testinal Salmonella infection occurs inside tissue macrophages (Fields et
al. 1986; Richter-Dahlfors et al. 1997).

The human-adapted pathogen, Salmonella enterica serovar typhi, is
the cause of the clinical syndrome of typhoid fever, a disease seen only
in people. Typhoid fever differs in several significant aspects from dis-
ease due to nontyphoid Salmonella strains. Typhi causes little or no clin-
ical enteritis but instead produces a characteristic prolonged systemic
infection despite the development of acquired T cell immunity in normal
hosts (Pang et al. 1995). Eventually, the host immune system is able to
eliminate the systemic phase of the illness, but often long-term carriage
in the biliary system ensues. Typhi strains produce a capsule, the Vi an-
tigen, but lack certain genes, notably spvB, that are important for sys-
temic virulence of nontyphoid Salmonella strains (Roudier et al. 1990).

Pathogens frequently cause cell death in infected tissues. In recent
years, increasing attention has been paid to the mechanism of cell death
associated with different infectious agents (Weinrauch and Zychlinsky
1999). In the field of pathology, two clearly distinguishable types of cell
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death have been recognized for many years on the basis of histological
features: apoptosis and necrosis. Apoptosis, or programmed cell death,
is the principal physiological mechanism for eliminating unnecessary
cells during embryogenesis, in the development and regulation of the
immune system, and during normal cell turnover in many tissues
(Marsden et al. 2002). Necrosis is usually associated with tissue injury
from a interruption in the vascular supply, decreased oxygenation, or
various noxious environmental factors (Majno and Joris 1995). Many
variants of these processes occur, and it is not the purpose of this review
to differentiate among the various mixed forms of cell death. Classically,
apoptosis is triggered by two separate pathways, extrinsic and intrinsic
(Marsden et al. 2002). The extrinsic mechanism involves extracellular
ligands binding to cell membrane receptors that possess death domains
on the cytoplasmic side. Recruitment of adapter proteins leads to activa-
tion of caspase-8 and eventually caspase-3, the primary executioner of
programmed cell death. The intrinsic pathway is triggered by a variety
of stimuli that alter the balance between regulatory systems that have
pro- or antiapoptotic effects. Predictably, apoptosis is a carefully con-
trolled process with complex checks and balances to avoid inappropriate
triggering of the pathway. These regulatory systems include the large
family of Bcl-2 proteins that provide connections between the apoptosis
machinery and physiological processes in the cell. Eventually, proapop-
totic proteins alter the function of the mitochondrial membrane, releas-
ing cytochrome c into the cytoplasm and initiating formation of the
“apoptosome,” consisting of cytochrome c, the adaptor Apaf-1, and cas-
pase-9. The apoptosome activates the executioners of apoptosis, includ-
ing caspase-3. It is also possible for initiator caspases to be activated by
regulatory proteins, in turn then stimulating cytochrome ¢ release and
the remainder of the pathway. Activated caspase-3 is a protease with
many cellular targets, with one activation pathway resulting in cleavage
of chromosomal DNA between nucleosomes, release of nucleosomes into
the cytoplasm, and nuclear condensation. Notably, cellular metabolic ac-
tivity and cell membrane integrity persist until late in the apoptotic pro-
cess, and cells display surface markers that stimulate their uptake and
removal by tissue macrophages. In contrast, cell membrane integrity is
lost early in necrosis; the membrane leaks cellular contents, and the cell
lyses.

Bacterial pathogens can induce apoptosis or necrosis by a variety of
direct and indirect mechanisms (Weinrauch and Zychlinsky 1999). In
many pathogenesis studies, a comprehensive analysis of the mechanism
of cell death due to bacterial infection has not been undertaken. Instead,
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the process has been reported as necrosis or apoptosis based on the use
of one or a small number of cell biology markers. Occasionally, a mixed
process has been described by terms such as “oncosis” (Majno and Joris
1995) and “programmed necrosis” (Hernandez et al. 2003; Assuncao
Guimaraes and Linden 2004). Although this review will generally cite the
terms used by the authors of a particular study, the specific experimen-
tal data for classifying important cell death processes initiated by Salmo-
nella will usually be reported.

2
Overview of Cell Death Induced by Gram-Negative Pathogens

A variety of gram-negative pathogens induce cell death in host cells, and
recent work has begun to define the bacterial virulence factors and host
cell signal transduction pathways involved. Figure 1 summarizes a cur-
rent model primarily based on the interactions of Salmonella enterica,
Shigella flexneri, and Yersinia species with macrophages (Knodler and
Finlay 2001; Monack et al. 2001b; Hsu et al. 2004). Two general mecha-
nisms of pathogen-induced cell death have been identified. One pathway
is mediated by effector proteins delivered by type III protein secretion
systems (TTSSs) leading to activation of caspase-1 and subsequent cell
death by a process that shares features of both necrosis and apoptosis
(Knodler and Finlay 2001; Monack et al. 2001b). Active caspase-1 also
processes the precursors of IL-15 and IL-18 to the active cytokines that
are then released from the dying cell. The second mechanism involves
activation of TLR4 by bacterial LPS (Hsu et al. 2004). The cytoplasmic
domain of TLR4 contains sites for adapter proteins that initiate a com-
plex signal transduction cascade, leading to the induction of both pro-
and antiapoptotic factors. Kinase pathways activate the mitogen-activat-
ed protein kinase (MAPK) JNK as well as IKK, with subsequent activa-
tion of the transcription regulatory factors AP-1 and NF-xB. AP-1 and
NF-xB act together to induce synthesis of proinflammatory cytokines,
some of which also have proapoptotic activity, such as TNFa. However,
TNF does not generally induce apoptosis in macrophages, because of
the production of antiapoptotic factors under the control of NF-xB and
the MAPK isoform p38. Inhibition of p38 or NF-xB markedly increases
macrophage apoptosis in response to LPS (Park et al. 2002; Hsu et al.
2004). In addition, TLR4 ligation by LPS leads to activation of PKR, ini-
tially described as a dsRNA-responsive kinase (Hsu et al. 2004). PKR
phosphorylates the elongation factor elF2a, which leads to inhibition of
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Fig. 1 Pathways leading to the induction of macrophage cell death by gram-negative
enteric bacterial pathogens. Salmonella, Shigella, and Yersinia species activate TLR4
and also deliver specific virulence effector proteins through type III secretion sys-
tems (TTSS). Both Salmonella and Shigella produce homologous proteins (SipB and
IpaB, respectively) that activate caspase-1, resulting in rapid cell death and release of
the proinflammatory cytokines IL-15 and IL-18. The separate TLR4 pathway in-
volves a complicated cascade of adapter proteins and cellular kinases. IKK and JNK
activate the transcription factors NF-xB and AP-1, which are key inducers of proin-
flammatory cytokine genes, including TNFa. The proapoptotic effects of TNFa and
other cytokines are countered by antiapoptotic factors that are also under NF-xB
control. In addition, the MAPK p38 has an essential role in the induction of anti-
apoptotic proteins through a poorly understood transcriptional control system. PKR
is another critical kinase that is activated downstream from TLR4, leading to phos-
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protein synthesis. The resulting proapoptotic effect may be due in part
to the decrease in synthesis of antiapoptotic proteins. PKR also appears
to have a proapoptotic effect independent of elF2a phosphorylation as
well (Hsu et al. 2004). The balance of these apoptosis regulatory factors
determines whether the cell will survive or enter the programmed cell
death pathway, with caspase-3 as the major executioner of the character-
istic apoptotic changes. Certain pathogens, such as Salmonella and Yer-
sinia, deliver effector proteins through type III systems to alter impor-
tant signal transduction pathways and affect the balance between pro-
and antiapoptotic factors in the host cell. The Salmonella virulence pro-
teins that promote cell death are discussed in detail below.

3
Induction of Epithelial Cell Death by Salmonella Infection

Intestinal epithelial cells are a primary host target during the initial
phase of Salmonella infection (Ohl and Miller 2001). Although some Sal-
monella organisms may bypass epithelial cells and directly enter phago-
cytic cells, both genetic and histological evidence support the impor-
tance of Salmonella invasion of epithelial cells in the pathogenesis of en-
teritis (Santos et al. 2001c; Zhang et al. 2002). The invasion process is
mediated by effector proteins secreted by the SPI-1-encoded TTSS. Sev-
eral studies have detected invasion-dependent apoptosis of intestinal
epithelial cells during Salmonella infection in tissue culture. Studies by
Kim et al. (Kim et al. 1998) and Paesold et al. (Paesold et al. 2002) re-
ported the delayed induction of apoptosis in human colonic epithelial
cell lines infected with serotype typhimurium and an even greater effect
with serotype dublin. Epithelial cell apoptosis was characterized by re-
duced mitochondrial membrane potential, cell surface exposure of phos-
phatidylserine, caspase-3 activation, cytokeritin cleavage, nuclear con-

<

phorylation and inhibition of eIF2q, a factor required for protein synthesis. The cel-
lular effect of PKR activation is the promotion of apoptosis. Therefore, after activa-
tion of TLR4 by gram-negative bacteria, the cell is balanced between the opposing
effects of pro- and antiapoptotic factors. Salmonella and Yersinia alter the balance in
favor of apoptosis by the action of virulence effector proteins secreted by specific
type III secretion systems: the Salmonella SPI-1 and SPI-2 and the Yersinia Yop sys-
tems. (Hsu et al. 2004)
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densation, and DNA fragmentation, all markers of the classic pro-
grammed cell death pathway. The induction of apoptosis was shown to
require Salmonella invasion and intracellular bacterial protein synthesis
in the first 6 h of infection. After this time, the cells were committed to
the apoptotic pathway but the execution phase was delayed until 18-24 h
after invasion. Apoptosis was mediated in part by epithelial production
of TNFa and nitric oxide (NO) and was also shown to require the func-
tion of the bacterial SPI-2 TTSS and the spv virulence genes. The mecha-
nism of apoptosis in Salmonella-infected epithelial cells has not been de-
termined. However, Salmonella produces several effector proteins that
could affect apoptotic pathways. The SPI-1 TTSS mediates the secretion
of SptP, AvrA, SigD (SopB), and SspH1 (also secreted by SPI-2) (Galan
2001). SptP has tyrosine phosphatase activity and can downmodulate
activation of MAP kinases, particularly Erk (Murli et al. 2001). Along
with SspH1, SptP inhibits the expression of NF-xB-dependent genes and
could affect the balance of pro- and antiapoptotic factors in the cell
(Haraga and Miller 2003). AvrA also inhibits the activation of NF-xB. In
the presence of a constitutive phoP mutation in serotype typhimurium,
an avrA mutant was found to induce less apoptosis in epithelial cells
(Collier-Hyams et al. 2002). SigD (also designated SopB) has been found
to activate Akt/protein kinase B, a signal transduction kinase that can
exert prosurvival effects. It is postulated that this pathway could be re-
sponsible for the delay in apoptosis seen in epithelial cells. The SpvB
protein, which requires the SPI-2 TTSS function, produces actin depoly-
merization during Salmonella infection of epithelial cells and is required
for apoptosis (Paesold et al. 2002). On the basis of these studies, it is
likely that the induction of apoptosis in epithelial cell lines by Salmonel-
la is a complex process involving several bacterial proapoptotic effector
proteins as well as cellular inflammatory products such as TNF and NO.
Although the function of the SPI-2 TTSS system is clearly required for
apoptosis in epithelial cells, the role of SPI-1 has been difficult to assess
independent of its function in cell invasion.

The importance of epithelial cell apoptosis during Salmonella enteri-
tis in vivo remains uncertain. The studies on cell culture systems re-
viewed above must be interpreted with caution, because the regulation
of apoptotic pathways in malignant cell lines is abnormal. However, his-
tological studies in the bovine ileal loop model of Salmonella enteritis
have detected apoptosis in the mucosa and lymphoid nodules 12 h after
infection (Santos et al. 2001b). By this time, inflammation and fluid se-
cretion are well established in this model. The time course for apoptosis
in vivo agrees fairly well with the delayed apoptosis seen in the in vitro
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cell culture systems. Because longer times are difficult to analyze in the
bovine intestinal loop system, the extent of apoptosis later in the course
of enteritis remains uncertain.

4
Cell Death in Macrophages and Dendritic Cells Mediated
by SPI-1 Effectors

Host cell death mediated by effectors of type III secretion systems in-
volved in invasion functions has been reported for both Shigella and
Salmonella strains (Knodler and Finlay 2001; Monack et al. 2001b; Jarve-
lainen et al. 2003). In both cases, the mechanisms share common fea-
tures. Homologous effector proteins (IpaB for Shigella, SipB for Salmo-
nella) activate caspase-1, resulting in the processing of precursor mole-
cules of IL-15 and IL-18 into the mature cytokines, and also triggering
cell death. Careful analysis of the mechanism of the Salmonella SPI-1-
dependent cell death associated with caspase-1 activation has shown this
process to be a variant of cell necrosis, termed “programmed necrosis”
(Brennan and Cookson 2000; Monack et al. 2001b). This phenomenon
has been studied primarily in host cells that contain large amounts of
caspase-1, such as macrophages and dendritic cells (Knodler and Finlay
2001; Monack et al. 2001b; van der Velden et al. 2003). When Salmonella
are grown under conditions that favor expression of SPI-1 and then used
to infect macrophages, they produce an early cytotoxic effect within 1-
2 h. The infected cells rapidly lose membrane integrity and release cyto-
plasmic enzymes such as lactic dehydrogenase. Unlike apoptosis, cas-
pase-3 is not activated and PARP, a nuclear protein target of caspase-3,
remains uncleaved (Brennan and Cookson 2000). The SPI-1-dependent
cytotoxicity can be blocked by glycine, which inhibits ion fluxes through
the cytoplasmic membrane in cells undergoing necrosis (Brennan and
Cookson 2000). Several studies have shown that caspase-1 in the host
cell and SipB secretion by the bacteria are required for this cytotoxic
process, and purified SipB has been reported to interact with caspase-1
in vitro (Hersh et al. 1999; Monack et al. 2000). Caspase-2 also appears
to contribute to this process (Jesenberger et al. 2000). Early SipB-depen-
dent cell death can be blocked by caspase-1 inhibition and does not oc-
cur in macrophages from caspase-1-deficient mice. Furthermore, mi-
croinjection of SipB into cells reproduces the cytotoxicity (Hersh et al.
1999). However, the mechanism of cell death following caspase-1 activa-
tion has not been determined. SPI-1 effectors also activate the Rho fami-
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ly GTPases Cdc42 and Rac-1, and inhibition of Cdc42 and Rac-1 preny-
lation inhibits Salmonella-induced macrophage death (Forsberg et al.
2003).

The role of caspase-1 in Salmonella pathogenesis has been studied
with knockout mice (Monack et al. 2000). The LDs, for oral infection
with serovar typhimurium in caspase-1~'~ mice is approximately 1,000-
fold higher than in control, wild-type mice, but there is no difference in
the LDs, when the mice are infected by the intraperitoneal route. These
results indicate that caspase-1 plays a major role in promoting Salmonel-
la infection and/or dissemination from the intestinal tract. Studies on
the course of infection showed that the caspase-1-deficient mice had low
and inconsistent levels of infection in Peyer’s patches as well as systemic
organs, Therefore, the resistance of the caspase-1 knockout mice to Sal-
monella appeared to be at the level of the gut-associated lymphoid tis-
sue, the main site of intestinal infection in the murine model.

Several experimental problems have prevented a definitive determina-
tion of the role of SipB- and caspase-1-dependent cell death in Salmonel-
la pathogenesis. Because SipB is both an effector protein required for
cell invasion and a component of the TTSS required for translocation of
other SPI-1 effectors, SipB mutants have a pleotrophic effect on viru-
lence. It has not yet been possible to genetically separate the caspase-1
activation property of SipB from its other activities. A similar problem
exists for caspase-1, because it functions to activate the proinflammato-
ry cytokines IL-15 and IL-18 as well as trigger the cell death pathway de-
scribed above. It is not known whether these are separate or interdepen-
dent functions. Therefore, the role of caspase-1 in promoting Salmonella
infection from the intestine could be due to the release of proinflamma-
tory cytokines and/or to the death of macrophages and dendritic cells in
the Payer’s patches. Further studies will be necessary to address these is-
sues.

Delayed SipB-dependent cytotoxic effects have also been detected in
caspase-1-deficient macrophages. By 4-6 h after infection of macro-
phages from caspase-1~'~ mice with Salmonella, changes consistent with
apoptosis are detected, including release of cytochrome ¢ from mito-
chondria and activation of caspases-2, -3, -6, and -8 (Jesenberger et al.
2000). A separate group of investigators described the localization of
SipB to mitochondria in caspase-1-deficient macrophages and the accu-
mulation of structures resembling autophagic vesicles containing mito-
chondrial and endoplasmic reticulum membrane (Hernandez et al.
2003). This mitochondrial cytopathology was shown by an inhibitor ex-
periment to be independent of all caspase activity. Although these stud-
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ies demonstrate that SipB can produce cytotoxicity in the absence of
caspase-1, the significance of these changes is uncertain. As noted
above, Salmonella have markedly reduced virulence in caspase-1-defi-
cient mice. In normal macrophages, the caspase-1-mediated cell death
occurs much more rapidly than the delayed changes just described,
making it unlikely that mitochondrial damage would be the dominant
process producing cytopathology.

5
Cell Death in Macrophages Dependent on the SPI-2 TTSS

When macrophages are infected with Salmonella grown under condi-
tions that repress expression of the SPI-1 TTSS, they undergo delayed
cytopathic changes similar to the apoptosis described above in epithelial
cells (Lindgren et al. 1996; Libby et al. 2000; van der Velden et al. 2000;
Santos et al. 2001a). However, in macrophages cell entry is mediated by
phagocytosis and is markedly increased by opsonization. In this process,
findings characteristic of apoptosis, including nucleosome cleavage and
DNA fragmentation, occur about 24 h after infection (Libby et al. 2000;
Hsu et al. 2004). The use of SPI-1 mutants, including knockouts of SipB,
has shown conclusively that this delayed apoptosis is induced by a
mechanism that does not involve the SPI-1 TTSS or its effectors (Libby
et al. 2000; van der Velden et al. 2000; Knodler and Finlay 2001; Santos
et al. 2001a; Browne et al. 2002). In contrast, this late cytopathology is
dependent on the SPI-2 TTSS. A requirement for the SpvB intracellular
toxin has also been demonstrated in human macrophages, similar to the
findings in epithelial cells (Libby et al. 2000; Browne et al. 2002). The
mechanism of this SPI-2-dependent apoptosis has not been identified,
but a partial requirement for caspase-1 has been reported with macro-
phages from knockout mice (Monack et al. 2001a). However, it is not
known whether the effect of caspase-1 is due to its ability to activate
proinflammatory cytokines or to other intracellular activities.
SPI-2-dependent apoptosis is markedly reduced in macrophages defi-
cient in TLR4-mediated signal transduction, but the early SPI-1 mediat-
ed cell death is preserved in these macrophages (Hsu et al. 2004). This
result supports the model illustrated in Fig. 1. Salmonella LPS stimulates
TLR4, leading to activation of signal transduction pathways mediated by
adapter proteins and cellular kinases. Inhibition of NF-xB or p38 MAP
kinase results in dramatic increases in apoptosis, indicating that these
pathways are required for the production of antiapoptotic factors in



142 D.G. Guiney

macrophages. The PKR kinase pathway is also required for delayed Sal-
monella-mediated apoptosis, and macrophages from mice deficient in
PKR are remarkably resistant to SPI-2-dependent programmed cell
death, although they remain sensitive to early, SipB-mediated cytotoxici-
ty. PKR promotes Salmonella-induced apoptosis partly through inhibi-
tion of protein synthesis mediated by phosphorylation of eIF2¢. In addi-
tion, PKR and type I interferons activate interferon response factor 3
(IRF3), which also induces proapoptotic factors in macrophages. As pre-
dicted, apoptosis is reduced in Salmonella-infected macrophages from
mice deficient in IRF3 (Hsu et al. 2004). Phagocytosis of Salmonella also
activates tyrosine kinases and phosphatidylinositol-3 kinase (PI-3K),
which lead to activation of Akt, an antiapoptotic factor also induced by
invasion of epithelial cells as described in the section above. Inhibition
of Akt expression in a human macrophage-like cell line increases apop-
tosis after phagocytosis of Salmonella (Forsberg et al. 2003). Therefore,
Akt may be active in delaying SPI-2-dependent apoptosis in both epithe-
lial cells and macrophages.

The signal transduction cascade originating from TLR4 (Fig. 1) leads
to the production of a balance of pro- and antiapoptotic factors in mac-
rophages after infection with Salmonella. The use of mutants has clearly
demonstrated that the function of the Salmonella SPI-2 TTSS is required
to tip this balance in favor of apoptosis. The SPI-2 system is essential for
Salmonella proliferation in macrophages, yet the absence of apoptosis
seen with SPI-2 mutants is not simply due to decreased survival or lack
of growth (van der Velden et al. 2000; Browne et al. 2002). Instead, it is
likely that the delayed apoptosis is mediated by the transfer of Salmonel-
la effector proteins that alter cellular processes responsible for inducing
programmed cell death. The Salmonella intracellular toxin SpvB has
been linked to apoptosis in human monocyte-derived macrophages
(Libby et al. 2000; Browne et al. 2002). The SpvB protein is an ADP-ribo-
sylating toxin that modifies actin and leads to the depolymerization of
the actin cytoskeleton in infected cells (Lesnick et al. 2001; Tezcan-Mer-
dol et al. 2001). SpvB is inactive from the extracellular space and re-
quires entry of Salmonella into the SCV together with the function of
the SPI-2 TTSS to produce actin depolymerization in host cells (Lesnick
et al. 2001; Browne et al. 2002). These results suggest that SpvB is
translocated by the SPI-2 TTSS from the SCV into the host cell. Cytopa-
thology due to SpvB activity is detectable in some cells by 12 h after Sal-
monella entry into human macrophages and continues to increase until
a majority of infected cells are involved. Free nucleosomes and DNA
fragmentation in infected cells are found after 24 h. These findings indi-
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cate that the SpvB protein is a Salmonella virulence factor active in SPI-
2-dependent apoptosis. It is possible that other SPI-2-dependent effec-
tors are also involved in this process.

A significant difference between Salmonella serovar typhi and the
nontyphoid serovars associated with systemic disease in people (such as
typhimurium, dublin, and choleraesuis) is that typhi lacks the spv gene
locus, including spvB (Roudier et al. 1990). On this basis, typhi should
be less cytotoxic to macrophages during prolonged infection. Experi-
mental evidence comparing typhimurium and typhi suggests that typhi
may cause less cytopathology in human macrophages (Schwan et al.
2000). Typhi is only found in humans and produces a prolonged disease
which may relapse, suggesting that long-term infection of macrophages
without the induction of cell death could be an important feature of the
pathogenesis of typhoid fever.

Apoptosis has been detected during systemic infection with nonty-
phoid Salmonella serovars in mice (Richter-Dahlfors et al. 1997). Multi-
ple lines of evidence indicate that macrophages are a principal target cell
for Salmonella in extraintestinal tissue (Ohl and Miller 2001). Confocal
microscopy has been used to visualize Salmonella in the livers of infect-
ed mice (Richter-Dahlfors et al. 1997). Bacteria were found within tissue
macrophages, and cell death was demonstrated by TUNEL staining for
DNA fragmentation. However, the bacterial genetic requirements for this
cytopathology were not determined.

6
Model for the Roles of Host Cell Death in Salmonella Pathogenesis

The evidence presented in this review strongly suggests that specific Sal-
monella virulence mechanisms promote host cell death at several stages
of the pathogenic process. Figures 2 and 3 present a model for the roles
of host cell death during both the intestinal and systemic phases of Sal-
monella infection. The initial interaction between Salmonella and intes-
tinal epithelial cells (Fig. 2) results in secretion of SPI-1 effector pro-
teins, leading to cell invasion and production of chemotactic factors on
both the luminal (hepoxilin) and basolateral (IL-8, other chemokines,
and proinflammatory cytokines) sides. Evidence in the mouse model
suggests that CD18" cells can access the intestinal lumen and engulf Sal-
monella, leading to early dissemination. If the bacteria are expressing
SPI-1 genes, these CD18" cells could be subjected to SipB-mediated cell
death as the bacteria are carried to systemic organs. Chemotactic factors
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Fig. 2 Early events leading to death of intestinal cells during Salmonella infection.
The top panel shows a model for the initial events in the pathogenesis of Salmonella
enteritis. E, epithelial cells with microvilli; M, specialized epithelial cells lacking mi-
crovilli that cover Payer’s patch tissue; Mac, macrophages; DC, dendritic cells. Hep-
oxilin is a recently identified chemotactic factor that is released on the luminal side
by epithelial cells infected with Salmonella (Mrsny et al. 2004). IL-8 and other che-
mokines are released on the basolateral side (Eckmann et al. 1993). CD18" cells have
been shown to mediate the rapid uptake of Salmonella from the intestine by a poorly
characterized process that may involve partial or complete migration between epi-
thelial cells (Vazquez-Torres et al. 1999). This early CD18" cell-mediated uptake is
not dependent on active invasion mediated by Salmonella, because it occurs with
SPI-1 mutants. However, in the normal situation, Salmonella at the epithelial surface



The Role of Host Cell Death in Salmonella Infections 145

released by the intestinal epithelium may enhance this process as the in-
fection develops. In the calf model of enteritis, most of the local intesti-
nal inflammatory reaction depends on SPI-1 effectors secreted by the
bacteria. Intestinal macrophages underlying M cells in Peyer’s patches
probably take up Salmonella that have transcytosed through the overly-
ing M cells. These bacteria may still express the SPI-1 TTSS and secrete
SipB, producing caspase-1-dependent macrophage death and release of
IL-15 and IL-18. The combination of chemokines and these proinflam-
matory cytokines stimulates an intense inflammatory infiltrate that
spreads through large areas of the epithelium in hosts that develop clini-
cal enteritis. Secretion of SPI-2 effectors and SpvB could lead to epithe-
lial cell death by apoptosis and contribute to the widespread epithelial
erosion seen in severe enteritis. The spv genes appear to contribute to
the severity of enteritis in some strains of serovar dublin (Libby et al.
1997). These later stages of the intestinal phase of the disease are depict-
ed in Fig. 3. Phagocytic cells move into the mucosa to engulf apoptotic
epithelial cells and the debris of macrophages dying of caspase-1-medi-
ated “programmed necrosis.” Both processes of cell death lead to the dis-
play of phosphatidylserine on the dying cell surface, serving as a target
for a macrophage receptor that stimulates phagocytosis (Fadok et al.
2000). In the process of cellular phagocytosis, Salmonella are also taken
up by the incoming macrophages. These bacteria will now be expressing
SPI-2 and spv genes, rather than the SPI-1 locus used for epithelial inva-
sion, and the bacteria will be primed for intracellular pathogenesis.
Some of these macrophages probably serve as sites for Salmonella pro-
liferation in the mucosa and submucosa, whereas others carry Salmonel-
la to systemic tissues. This model accounts for the caspase-1 role in Sal-
monella pathogenesis, because the death of intestinal macrophages with
release of IL-1/ would strongly promote the influx of circulating inflam-

<

are likely to express SPI-1 and could produce cytopathology in the CD18" cells. Sal-
monella invasion through epithelial cells requires the function of the SPI-1 TTSS and
secretion of effector proteins. The lower panel depicts subsequent events leading to
the inflammatory response and early dissemination by CD18™ cells that have ingest-
ed bacteria. In epithelial cells, induction of the Salmonella SPI-2 TTSS and spvB fa-
cilitates the intracellular proliferation of bacteria (Paesold et al. 2002). Rapid tran-
scytosis of bacteria through the M cells may result in continued secretion of SipB
into underlying macrophages and dendritic cells, resulting in release of IL-1 and IL-
18 as proinflammatory mediators
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Fig. 3 Consequences of host cell death induced by Salmonella virulence factors. Dy-
ing cells are depicted by the dashed lines. Infected intestinal macrophages and den-
dritic cells may be the first to die by the SipB- and caspase-1-dependent mechanism.
Epithelial cells likely undergo delayed apoptosis mediated by SPI-2 TTSS effectors
and SpvB. Dying cells are recognized by receptors on macrophages, which engulf the
cell debris containing viable Salmonella. The bacteria are then carried by these in-
fected macrophages to systemic tissues. Secretion of the SPI-2 TTSS effectors and
the SpvB toxin induces delayed apoptosis of these macrophages, with the formation
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matory cells and increase the uptake of Salmonella by macrophages in
the subepithelial compartment, promoting dissemination. The SipB-
and caspase-1-dependent mechanism of macrophage death is also fa-
vored at this stage because intestinal macrophages do not express CD14
and are likely to be deficient for TLR4-mediated signal transduction and
activation (Smith et al. 2001), a requirement for SPI-2- but not SPI-1-
mediated cell death (Fig. 1) (Hsu et al. 2004).

The infected macrophages transport the replicating intracellular Sal-
monella to the mesenteric lymph nodes and then into the circulation
(Fig. 3). The action of SPI-2 effectors and SpvB promotes Salmonella
growth and subsequent apoptosis of these host macrophages, stimulat-
ing another round of phagocytosis of infected apoptotic bodies by tis-
sue-based macrophages in systemic organs, particularly the liver and
spleen. From these sites, successive rounds of intracellular growth, apop-
tosis, and subsequent phagocytosis of infected apoptotic bodies perpet-
uate the infection and ensure cell-to-cell spread. The ineffectiveness of
extracellular antibiotics, such as gentamicin, in the treatment of salmo-
nellosis, both in experimental animals and in human disease (Fierer et
al. 1990), provides strong evidence in favor of this model of cell-to-cell
spread.
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Abstract Yersinia species that are pathogenic for humans (Yersinia pestis, Yersinia
pseudotuberculosis, and Yersinia enterocolitica) induce apoptosis in macrophages.
Yersinia-induced apoptosis utilizes the mitochondrial pathway and is executed by
activation of caspase cascades. The mechanism of Yersinia-induced apoptosis in
macrophages has two essential components. One component is the innate immune
response of macrophages to the pathogen, which leads to the activation of a survival
response and a death response. Recognition of the bacterial cell envelope component
lipopolysaccharide by Toll-like receptor 4 (TLR4) constitutes an important part of
the innate immune response to the pathogen. The second essential component is
Yop], a protein secreted into Yersinia-infected macrophages via a bacterial type III
secretion system, which selectively shuts down the survival pathway. In the absence
of the survival pathway, the death pathway is executed, and Yersinia-infected macro-
phages undergo apoptosis. In this review, we introduce the basic features of Yersinia
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pathogenesis, summarize our current understanding of Yersinia-induced apoptosis,
and discuss the role of apoptosis during Yersinia infection.

Abbreviations

TLR Toll-like receptor

LPS Lipopolysaccharide

M cell Microfold cell

TTSS Type III secretion system

MAP Mitogen-activated protein

MKK MAP kinase kinase

IxB Inhibitor xB

NF-xB Nuclear factor kB

IKK IxB kinase

TIR Toll/interleukin-1 receptor

MyD88 Myeloid differentiation factor 88

TIRAP TIR domain-containing adaptor protein

DD Death domain

DED Death effector domain

IRAK IL-1R-associated kinase

TRAF6 Tumor necrosis factor receptor-associated factor 6
TRIF TIR domain-containing adaptor inducing IFNf
1

Overview of Yersinia Pathogenesis

1.1
Pathogenic Yersinia Species

Three species of bacteria in the genus Yersinia are considered important
pathogens of humans (Brubaker 1991). Yersinia enterocolitica and Yer-
sinia pseudotuberculosis cause intestinal infections that are typically
self-limiting. Y. enterocolitica and Y. pseudotuberculosis replicate in Pey-
er’s patches and mesenteric lymph nodes and only rarely cause systemic
infections. Yersinia pestis is the agent of bubonic, septicemic, and pneu-
monic plague. Y. pestis infections are transmitted by fleas (bubonic, sep-
ticemic) or by aerosols (pneumonic) and typically result in acute, fatal
disease.

Y. enterocolitica is classified into 5 biogroups and ~60 serotypes (Bot-
tone 1997). Y. pseudotuberculosis is divided into 21 serologic groups
based on differences in the O-antigen of lipopolysaccharide (LPS) (Skur-
nik et al. 2000). Y. pestis, which lacks O-antigen, is now considered to be
a recently evolved subspecies of a Y. pseudotuberculosis serogroup Olb
strain (Achtman et al. 1999; Skurnik et al. 2000). Y. pestis strains have
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been classified into three biovars (Antiqua, Mediaevalis, and Orientalis)
based on minor phenotypic differences (Perry and Fetherston 1997). In
this chapter we will use the genus name (Yersinia) to refer to the three
pathogenic species in a generic sense.

A number of virulence factors have been identified that are common
to two or more of the Yersinia species (Brubaker 1991; Carniel 1999,
2002; Perry and Fetherston 1997; Revell and Miller 2001). These include
virulence factors that promote adherence, invasion, coordinated gene
expression, serum resistance, and acquisition of iron (Carniel 1999,
2002; Perry and Fetherston 1997). Another essential virulence factor that
is common to the Yersinia species is a ~70-kb plasmid. This plasmid,
known as pYV in Y. enterocolitica and Y. pseudotuberculosis and pCD1
in Y. pestis, encodes a type III secretion system (TTSS) and a set of se-
creted proteins known as Yops and LcrV (Plano et al. 2001; Ramamurthi
and Schneewind 2002). The Yops and LcrV act to counteract phagocytic
mechanisms and cytokine production in macrophages. Two additional
plasmids, pMT1 (~101 kb) and pPCP1 (9.6 kb) are uniquely found in Y.
pestis (Perry and Fetherston 1997). pMT1 and pPCP1 are associated with
increased virulence (pMT1 and pPCP1) and vector-borne transmissibili-
ty (pMT1) in Y. pestis (Perry and Fetherston 1997).

1.2
Pathogenesis of Y. pestis Infections

Y. pestis infections that result in bubonic or septicemic plague are initi-
ated when an infected flea takes a blood meal on a human host. During
the blood meal the bacteria are introduced directly into the dermis or
into the capillary system (Perry and Fetherston 1997). Pneumonic pla-
gue infections are initiated when aerosolized bacteria are inhaled into
the lungs (Perry and Fetherston 1997). Very little is known about the
early events of pathogenesis in plague infections. In the case of infec-
tions initiated during a flea blood meal, it is assumed that the bacteria
are internalized by blood-derived monocytes, in which the bacteria can
survive and replicate (Cavanaugh and Randall 1959). Subsequently, the
bacteria are transported or spread from the site of the fleabite to region-
al lymph nodes (bubonic) or to the bloodstream (primary septicemia).
Massive bacterial multiplication in lymph nodes results in the formation
of a bubo or swollen node. The bacteria then spread via the bloodstream
(secondary septicemia) to major organs such as lungs, spleen, and liver.
After extensive bacterial replication in these organs, a tertiary septice-
mia develops, and the host dies of septic shock and or multiple organ



154 Y. Zhang - ].B. Bliska

failure (Perry and Fetherston 1997). Bacterial spread to spleen and liver,
and replication in these tissues, has been studied in mice challenged in-
travenously, which mimics the secondary septicemic phase of infection
(for example, see Straley and Cibull 1989). Bacterial growth at early stag-
es is associated with the formation of microabscesses that typically con-
tain neutrophils within the central region and monocytic cells at the
border. At later stages of infection the microabscesses enlarge into ne-
crotic lesions that are poorly populated with neutrophils or monocytic
cells. It is thought that Y. pestis replicates as an extracellular pathogen
within microabscesses and necrotic lesions. On introduction of Y. pestis
cells lacking the virulence plasmid (and thus lacking the TTSS) into the
bloodstream of mice, the bacteria are taken up into the spleen and liver,
but do not replicate, and are contained within granulomas and eliminat-
ed (Brubaker 2003).

13
Pathogenesis of Intestinal Yersinia Infections

Y. enterocolitica and Y. pseudotuberculosis are responsible for a broad
range of gastrointestinal diseases, from enteritis to mesenteric lymphad-
enitis (Bottone 1997; El-Maraghi and Mair 1979). Infection is typically
initiated after ingestion of contaminated food. The bacteria appear to
preferentially invade through the mucosa of the small intestine by pass-
ing through microfold (M) cells. M cells are a component of the follicle-
associated epithelia that function in antigen uptake (Clark et al. 1998;
Marra and Isberg 1997). The invasin protein encoded by Y. enterocolitica
and Y. pseudotuberculosis mediates efficient bacterial entry into M cells
(Marra and Isberg 1997; Pepe and Miller 1993). After passing through M
cells, the bacteria are transported to the gut associated lymphoid folli-
cles known as Peyer’s patches, where they replicate. The bacteria also
spread to and replicate within mesenteric lymph nodes, resulting in a
characteristic mesenteric lymphadenitis. Only in rare cases does Y. pseu-
dotuberculosis or Y. enterocolitica cause septicemia in humans. However,
Y. enterocolitica and Y. pseudotuberculosis disseminate to spleen, liver,
and lungs from the intestinal tract very efficiently and cause lethal dis-
ease in laboratory rodents. In experimental infections of mice, Y. pseu-
dotuberculosis and Y. enterocolitica replicate as aggregates of extracellu-
lar bacteria within microabscesses that are similar in appearance to
those formed in response to Y. pestis infection (for example, see Hanski
et al. 1989; Lian et al. 1987a,b; Simonet et al. 1990). The bacteria appear
to effectively resist phagocytosis by neutrophils in abscesses (Hanski et
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al. 1989; Lian et al. 1987a,b; Simonet et al. 1990). In addition, evidence
has been obtained that Y. pseudotuberculosis induces apoptosis in mac-
rophages in abscesses (see below) (Monack et al. 1997). Strains of Y. en-
terocolitica or Y. pseudotuberculosis that lack the virulence plasmid
replicate transiently in murine tissues, but ultimately the plasmid-cured
bacteria are contained within granulomas and eliminated from the host.

14
Role of the TTSS in Counteracting Protective Immune Responses

The results of studies carried out with mice suggest that activated mac-
rophages are a crucial component of the protective immune response to
Yersinia (Autenrieth and Heesemann 1993; Brubaker 2003). In the first
several days of infection, macrophages activated by natural killer cells
seem to play a key role in controlling growth of the pathogen in tissues.
Thereafter, if the host survives, a specific T cell response, mediated
primarily by CD4" Th1 cells, allows for granuloma formation and for
resolution of the infection. Administration of both IFNy and TNFea into
mice can afford complete protection against lethal doses of Y. pestis
(Nakajima and Brubaker 1993). Evidence supporting a critical role for
TNFo, IFNyp, and a third cytokine, IL-12, in host resistance to Yersinia
infection has been obtained with neutralizing antibodies (Autenrieth
and Heesemann 1993; Autenrieth et al. 1996; Bohn and Autenrieth 1996;
Nakajima and Brubaker 1993). TNFea and IL-12 are produced by macro-
phages as well as by other cells such as dendritic cells. TNFea is a proin-
flammatory cytokine that has many effects, including the ability to acti-
vate macrophages to kill intracellular bacteria (Vazquez-Torres et al.
2001 and references therein). IL-12 plays a key role in activation of NK
cells and Th1 cells. IFNy, produced by activated NK or Th1 cells, is a po-
tent activator of macrophages.

Nakajima and Brubaker have shown that Y. pestis can counteract pro-
duction of IFNa and TNFa in mice during infection, and that the viru-
lence plasmid is required for this activity (Nakajima and Brubaker
1993). It has also been shown that Y. enterocolitica counteracts produc-
tion of TNFo message and protein in Peyer’s patches of mice (Beuscher
et al. 1995; Burdack et al. 1997). It remains controversial which proteins
secreted by the TTSS are directly responsible for counteracting cytokine
production. However, it is clear that one function of the TTSS is to coun-
teract production of cytokines to avoid activation of macrophages. A
second function of the TTSS is to prevent killing of internalized Yersinia
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by macrophages, either through inhibition of phagocytosis or by induc-
tion of apoptosis.

1.5
Molecular Function of the Plasmid-Encoded TTSS

The TTSS encoded on the Yersinia virulence plasmid has been extensive-
ly studied (Cornelis 2002a; Plano et al. 2001; Ramamurthi and Schnee-
wind 2002). The Yersinia TTSS forms a syringelike organelle on the bac-
terial surface (Cornelis 2002b). Several classes of proteins that are se-
creted by this system have been identified, including (a) those that are
important for regulating the secretion process (e.g., YopN), (b) those
that mediate translocation of the effector proteins into the cytosol of the
host cell (e.g., YopD and YopB), and (c) the effector proteins themselves
(e.g., Yops H, E, and J). LerV (V antigen) is a unique type of TTSS sub-
strate. Lcr'V is important for control of secretion, for translocation of ef-
fectors, and for counteracting cytokine production (Brubaker 2003). To-
gether with the Ysc secretion machinery, the secreted substrates form an
integrated system that allows Yersinia to antagonize phagocytosis, pre-
vent cytokine production, and induce apoptosis in macrophages (Cor-
nelis 2002a; Ramamurthi and Schneewind 2002).

The following scenario is consistent with our current understanding
of the functioning of the TTSS during Yersinia-host cell interactions. Be-
fore contact with a host cell the growth of the bacteria at 37°C results in
TTSS production and assembly, and a pool of substrates are synthesized
and stored within the bacterium. On contact with a target cell such as a
macrophage, a number of responses within the bacterium and the host
cell are initiated. On the part of the host cell, proteins on the bacterial
surface (e.g., invasin) can be recognized by cell receptors (e.g., inte-
grins), and this type of interaction can stimulate bacterial phagocytosis
(Isberg and Van Nhieu 1995) or cytokine production (Grassl et al. 2003).
Components of the bacterial envelope (e.g., LPS) can be recognized by
TLRs to stimulate cytokine production or apoptosis (Haase et al. 2003;
Zhang and Bliska 2003). On the part of the bacterium, the TTSS is acti-
vated on attachment to the host cell surface. It is thought that YopB,
YopD, and LcrV are secreted first because they are required for translo-
cation of the effector Yops across the eukaryotic cell membrane (Cor-
nelis 2002a; Ramamurthi and Schneewind 2002). Interaction of the
translocation machinery (e.g., YopB) with the host cell membrane also
appears to stimulate a response in the host cell, leading to cytokine pro-
duction (Viboud et al. 2003) or pore formation (Viboud and Bliska
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2001). The pathogen delivers the six effector Yops shortly after contact is
made with the host cell in order to counteract host responses. This re-
view will focus on Yop] (also known as YopP in Y. enterocolitica) and its
role in induction of apoptosis. Information on the other effectors can be
found in several recent reviews (Aepfelbacher et al. 1999; Bliska 2000;
Cornelis 2002a; Juris et al. 2002).

2
Yersinia-Induced Apoptosis in Macrophages

2.1
Discovery and Characterization of Yersinia-Induced Apoptosis in Macrophages

In 1986 Goguen et al. (Goguen et al. 1986) reported that murine macro-
phages die and release their cytosolic contents between 4 and 6 h after
infection with Y. pestis or Y. pseudotuberculosis (Fig. 1). A'Y. pestis strain
lacking pCD1 did not kill macrophages (Fig. 1), indicating the virulence
plasmid, and hence type III secretion, was required for cytotoxicity. In
1997 several groups reported that macrophages infected with Y. pseudo-
tuberculosis or Y. enterocolitica die of apoptosis (Mills et al. 1997; Mon-
ack et al. 1997; Ruckdeschel et al. 1997b). As expected from the earlier
work (Goguen et al. 1986) the progress of apoptosis in Yersinia-infected
macrophages is relatively slow, as compared to the apoptotic events ob-
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Fig. 1 Release of >'Cr from the P388D1 macrophage cell line infected for the indicat-
ed period of time with Y. pestis KIM5 (pCD1") or KIM6 (pCD17). Percentage of total
Sler present in detached macrophages (hatched bars), free in medium (black bars),
or in adherent macrophages (white bars) is shown. (Adapted from Goguen et al.
1986 with the permission of the publisher)
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Fig. 2 Transmission electron micrographs of apoptotic RAW264.7 macrophages in-
fected with Y. pseudotuberculosis. Macrophages were infected with wild-type Y. pseu-
dotuberculosis (YPIIIpIBI) for 6 h. Note the chromatin condensation, cytoplasmic
vacuolization, and swollen endoplasmic reticulum in macrophages infected with
YPIIIpIB1. (Adapted from Monack et al. 1997 with the permission of the publisher)

served on infection of macrophages with Shigella or Salmonella species
(Navarre and Zychlinsky 2000). Collectively, all the hallmarks of apopto-
sis have been detected in primary macrophages and macrophage-like
cell lines infected by Yersinia. Transmission electron microscopic images
show intense perinuclear chromatin aggregation in infected macro-
phages (Fig. 2). Scanning electron micrographs reveal extensive mem-
brane blebbing on the surface of dying macrophages (Monack et al.
1997). DNA fragmentation can be detected by TUNEL or gel electropho-
resis (Mills et al. 1997; Monack et al. 1997; Ruckdeschel et al. 1997b).
Disruption of plasma membrane polarity as indicated by exposure of
phosphatidylserine is also observed (Ruckdeschel et al. 1997b). In addi-
tion to these specific phenomena of apoptosis, in the late stage of Yersin-
ia-induced apoptosis cytosolic contents are released.

Denecker et al. (Denecker et al. 2001) detected cleavage of the Bid
protein in Yersinia-infected macrophages at 60 min after infection. Bid
is a specific substrate of caspase-8, which suggests that caspase-8 is also
activated at an early step of the death response in Yersinia-infected mac-
rophages (Denecker et al. 2001). tBid, the cleavage product of Bid, trig-
gers cytochrome ¢ release from mitochondria, which has also been de-
tected in macrophages beginning at around 80 min after infection with
Yersinia (Denecker et al. 2001). The release of cytochrome c results in
assembly of the apoptosome, cleavage and activation of caspase-9, and
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finally the activation of the so-called executioner caspases-3 and -7.
Cleavage of caspases-9, -3, and -7 is detected in macrophages beginning
at around 80 min after infection with Yersinia (Denecker et al. 2001).
These observations are consistent with the idea that Yersinia-induced
apoptosis is initiated by an extrinsic death signal that is amplified
through cytochrome c release. This model is also consistent with the
demonstration that Yersinia-induced apoptosis can be inhibited by
broad-spectrum caspase inhibitors (zVAD.fmk or B-D.fmk) or more spe-
cific inhibitors of caspase-8 (z-IETD-fmk) or caspase-9 (z-LEHD-fmk)
(Denecker et al. 2001; Ruckdeschel et al. 1997b).

2.2
YopJ: A TTSS Effector Required for Apoptosis and Inhibition
of Cytokine Production in Macrophages

Yop] is required by all three pathogenic Yersinia species to induce mac-
rophage apoptosis (Mills et al. 1997; Monack et al. 1997) (Y. Zhang and
J.B. Bliska, unpublished data). Yop] must be delivered into the macro-
phage to induce apoptosis, and therefore mutations that interfere with
type III secretion or translocation will also protect infected macrophages
from apoptosis. Yop] was initially identified as a 33-kDa protein secreted
by Y. pestis (Straley and Bowmer 1986). The 288-residue Yop] protein
shares sequence similarity with a family of so-called avirulence proteins
found in bacterial pathogens of plants or animals (Orth 2002). The Yop]-
related avirulence proteins secreted by plant pathogens are responsible
for inducing the hypersensitive response, an apoptosis-like process in
plant cells. There appear to be two isoforms of Yop], one produced by
high-virulence strains and another by lower-virulence strains (Ruckde-
schel et al. 2001b). A change at residue 143 appears to determine this
difference, but it is not clear what aspect of Yop]J function is modulated
by substitutions at this residue (Ruckdeschel et al. 2001b).

One clue to the mechanism of Yop]J-induced apoptosis came from the
discovery that Yop]J inhibits host signaling pathways that activate mito-
gen-activated protein (MAP) kinases (Boland and Cornelis 1998; Palmer
et al. 1998; Ruckdeschel et al. 1997a) and the transcription factor NF-«xB
(Ruckdeschel et al. 1998; Schesser et al. 1998). On the basis of these re-
sults, it was postulated that Yop] induces apoptosis by blocking expres-
sion of antiapoptotic proteins under control of NF-xB (Ruckdeschel et
al. 1998). This model was based on earlier demonstrations that antiapop-
totic factors under control of NF-xB can prevent cells exposed to stress
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stimuli from undergoing programmed cell death (Van Antwerp et al.
1996; Wang et al. 1996).

A search for binding partners of Yop] by yeast two-hybrid analysis
led to the discovery that Yop] binds to multiple members of the MAP ki-
nase kinase (MKK) family (Orth et al. 1999). Another protein that binds
to Yop]J is IxB kinase B (IKKf). The MKKs are upstream activators of
the MAP kinases ERK, JNK, and p38, whereas IKKS is an activator of
the NF-xB pathway. IKKf phosphorylates the inhibitor xBo (IxBo),
which leads to its ubiquitination and degradation. Degradation of IxBa
exposes the nuclear localization signal in NF-xB and allows it to translo-
cate to the nucleus (Ghosh and Karin 2002). Biochemical studies have
shown that Yop] prevents activation of MKKs and IKKpS (Orth et al.
1999). Sequence analysis of Yop] predicts structural similarity between
Yop] and a class of cysteine proteases that act on ubiquitin-like (Ubl)
proteins (Orth et al. 2000). Indeed, Yop] contains the conserved catalytic
His, Glu, and Cys residues that are found in other members of this pro-
tease family such as the yeast Ubl-specific protease 1 (Ulpl) and adeno-
virus-2 protease (AVP). Mutations that disrupt the predicted catalytic
site of Yop]J abolish its ability to inhibit signaling and to trigger apopto-
sis (Orth et al. 2000). Orth et al. (Orth et al. 2000) have proposed that
Yop] cleaves a ubiquitin or a ubiquitin-like modification from a target
protein. Modification of this target protein by ubiquitin is presumably
required for activation of MKKs and IKKf (Orth et al. 2000). However,
neither the activity nor the cellular target of Yop] has been demonstrated
so far.

23
Mechanism of Yersinia-Induced Apoptosis

As discussed above, a current model (Ruckdeschel et al. 1998) suggests
that Yop] does not activate the apoptosis machinery directly, but rather
delivers a “coup de grace” to a macrophage cell that is already traveling
down the path to death but is not fully committed to perishing. Macro-
phages exposed to LPS, a cell envelope component of all gram-negative
bacteria, die of apoptosis if protein synthesis is blocked (for example,
with a protein synthesis inhibitor such as cyclohexamide) (Karahashi
and Amano 1998). Macrophages treated with LPS and MG-132, a non-
specific proteasome inhibitor, undergo apoptosis as well (Ruckdeschel et
al. 1998). Proteasome inhibitors prevent proteolysis of IxBea, which pre-
vents release of active NF-xB. Therefore, LPS simulation of TLR4 ap-
pears to activate a death response in macrophages. This death response
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Fig. 3 TLR4-dependent and TLR4-independent apoptosis in macrophages infected
with Yersinia pseudotuberculosis. Wild-type (WT), TLR2™'", or TLR4 '~ bone mar-
row-derived macrophages were left uninfected (UI) or infected with wild-type
(YP126) or Yop]~ (YP26) Y. pseudotuberculosis for 4 h. Percentages of TUNEL-posi-
tive macrophages were determined by fluorescence microscopy. N, number of cells
counted. (Adapted from Zhang and Bliska 2003 with the permission of the publish-
er)

can be inhibited by the de novo synthesis of antiapoptosis factors that
are under the transcriptional control of NF-«B.

The role of TLR4 in Yersinia-induced apoptosis has been investigated
with macrophages deficient in TLR receptors (Haase et al. 2003; Zhang
and Bliska 2003). Macrophages deficient for expression of TLR4, or
which encode nonfunctional TLR4 receptors, are less sensitive (2- to 3-
fold) to Yersinia-induced apoptosis than their wild-type counterparts
(Fig. 3). Therefore, LPS appears to be the major source of apoptotic sig-
naling in Yersinia-infected macrophages, and as expected, apoptosis is
undetectable in TLR4-deficient macrophages exposed to LPS and MG-
132 (Haase et al. 2003). However, TLR4-deficient macrophages are not
completely resistant to Yersinia-induced apoptosis (Fig. 3) (Haase et al.
2003; Zhang and Bliska 2003), suggesting that there is another source of
apoptotic signaling in Yersinia-infected macrophages. Another TLR re-
ceptor, TLR2, has been shown to promote apoptosis in macrophages in
response to stimulation with lipopeptides (Navarre and Zychlinsky
2000). However, TLR2 does not appear to play an important role in Yer-
sinia-induced apoptosis, because macrophages deficient in TLR2 are not
more resistant to Yersinia-induced apoptosis (Haase et al. 2003; Zhang
and Bliska 2003). Therefore, apoptotic signaling that is independent of
TLR4 and TLR2 must be activated in macrophages infected with Yersin-
ia. We have speculated that other components of the bacterial cell, such
as flagella, or even a component of the TTSS, could be involved in stim-
ulating apoptosis in macrophages in a TLR4-independent manner
(Zhang and Bliska 2003). It is also possible that intracellular pathogen
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pattern recognition receptors are involved in activating apoptotic signal-
ing during Yersinia infection of macrophages. For example, the cytosolic
Nodl and Nod2 proteins can detect peptidoglycan fragments and acti-
vate NF-xB (Girardin et al. 2003a,b; Inohara et al. 2003). It is conceivable
that peptidoglycan fragments gain access to the cytosolic Nod proteins
during Yersinia infection because of the formation of pores by the TTSS
apparatus (Viboud and Bliska 2001). The possibility that Nod proteins
are capable of sensing peptidoglycan and activating an apoptotic re-
sponse during Yersinia infection of macrophages remains to be investi-
gated.

24
Mechanism of Apoptotic Signaling via TLR4

Like other members in the TLR family, TLR4 contains extracellular leu-
cine-rich repeats and a cytoplasmic Toll/interleukin-1 receptor (TIR)
domain. So far, four TIR-containing adaptor proteins have been identi-
fied that function downstream of TLR4 (Fig. 4), and according to gene
knockout studies they are roughly divided into two groups, the MyD88-
dependent adaptors and the MyD88-independent adaptors (Takeda and
Akira 2004). MyD88 (Myeloid differentiation factor 88) contains an N-
terminal death domain (DD) and a C-terminal TIR domain. After LPS
stimulation, MyD88 is recruited to TLR4 through TIR-TIR domain inter-
action. IL-1R-associated kinase (IRAK) is then recruited to MyD88
through DD-DD interaction. IRAK is activated by phosphorylation and
associates with TRAF6 (tumor necrosis factor receptor-associated factor
6). TRAF6 is an ubiquitin ligase that activates the TAK1 complex, the
MKKs and IKKp, and ultimately NF-xB and MAP kinases (Wang et al.
2001). This pathway is likely to be utilized by all the TLRs. In addition
to MyD88, signaling pathways downstream of TLR2 and TLR4 also in-
volve a second TIR domain-containing adaptor, TIR domain-containing
adaptor protein (TIRAP), which is also known as MyD88-adaptor-like
(Mal). This adaptor contains only the TIR domain, and from gene
knockout studies it was concluded that it participates in the MyD88-de-
pendent pathway to activate downstream events (Takeda and Akira
2004). On the other hand, LPS activation of transcription factor IRF-3,
and subsequently the production of IFNp, is considered MyD88 inde-
pendent. This pathway involves the other two TIR adaptors: TRIF (TIR
domain-containing adaptor-inducing IFNJ; also called TIR domain-con-
taining adaptor molecule, TICAM-1) and TRAM (TRIF-related adaptor
molecule) (Takeda and Akira 2004). There is evidence suggesting that
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TLR4-induced apoptosis is activated downstream of TRIF, because over-
expression of TRIF results in cell death, and LPS does not cause apopto-
sis in macrophages deficient for TRIF (Han et al. 2004; Hoebe et al.
2003). The diagram in Fig. 4 shows a model for TLR4-dependent signal-
ing pathways that is based on current literature. Below, we discuss the
results of several studies that have attempted to elucidate the role of
these signaling pathways in Yersinia-induced apoptosis.

The roles of MyD88 and TIRAP/Mal in Yersinia-induced apoptosis
have been studied by introducing dominant-negative versions of these
proteins into macrophages by transfection and then incubating the cells
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with MG-132 and LPS. Overexpression of AMyD88 (MyD88 missing its
DD) in J774A.1 macrophage-like cells led to partial protection from LPS-
induced apoptosis (Haase et al. 2003; Ruckdeschel et al. 2002). Similarly,
overexpression of a mutant TIRAP (ATIRAP or TIRAP-P125H), which
contains a nonfunctional TIR domain, also partially protected macro-
phages from LPS-induced apoptosis (Haase et al. 2003) These mutant
forms of MyD88 and TIRAP have been shown to block NF-«B activation
downstream of TLR4 and are considered dominant-negative inhibitors.
However, because it is now thought that MyD88 and TIRAP function in
the survival pathway downstream of TLR4 (Fig. 4), it is unclear why
dominant-negative inhibitors of these proteins would protect macro-
phages from LPS/YopJ-induced apoptosis. One possibility is that
AMyD88 and TIRAP-P125H also interfere with the function of TRIF and
TRAM in the apoptotic pathway (Fig. 4), and therefore these proteins
may not be specific dominant-negative inhibitors.

The role of IRAKSs in apoptosis induced by LPS treatment or Yersinia
infection has also been studied. The IRAK family contains four mem-
bers: IRAK-1, IRAK-2, IRAK-M, and IRAK-4. These proteins contain an
N-terminal DD and a central kinase domain. However, only IRAK1 and
IRAK4 are catalytically active. It is thought that IRAK4 is upstream of
IRAKI in LPS-induced signaling and that IRAK-M plays an inhibitory
role. According to the ability of truncated versions of these proteins to
influence LPS-induced NF-xB activation, dominant-negative mutants of
IRAKSs have been identified: IRAK1(1-215) contains the N-terminal DD
and the region just before the kinase domain, whereas IRAK2(1-96)
contains only the DD. Two IRAK4 dominant-negative mutants were
identified, one missing the kinase region and one with a point mutation
at the catalytic site. Among the these various dominant-negative mu-
tants, IRAK2(1-96) was found to significantly attenuate death in Yersin-
ia-infected macrophages (Ruckdeschel et al. 2002). It is possible that
IRAK?2 functions in the TLR4 apoptotic pathway, or alternatively, the DD
of IRAK2(1-96) interfered with the function of other DD-containing
proteins in the apoptosis pathway.

IKKp is pivotal in activating NF-xB (Fig. 4). It has been shown that
overexpression of wild-type IKKf in macrophages results in partial pro-
tection from Yersinia-induced apoptosis (Ruckdeschel 2001; Zhang and
Bliska 2003). Expression of a constitutively active form of IKKS in mac-
rophages results in complete protection from Yersinia-induced apoptosis
(Zhang and Bliska 2003). Ablation of IKKS by gene knockout renders
macrophages highly sensitive to the apoptotic activity of LPS (Hsu et al.
2004), whereas overexpression of the NF-xkB subunit p65 can protect
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macrophages from Yersinia-induced apoptosis (Ruckdeschel et al.
2001a). It is likely that TRAF6 is important for the activation of IKKj by
LPS, because TRAF6™'~ macrophages treated with LPS undergo apopto-
sis (Hsu et al. 2004). Together, these results are consistent with the idea
that activation of NF-xB via TRAF6 and IKKJ results in the production
of antiapoptotic proteins that can counteract LPS-induced cell death.

Three categories of apoptosis inhibitors are known to be regulated by
NF-xB (Karin and Lin 2002). These categories are represented by factors
that block caspase activation, inhibit caspase activity, or prevent mito-
chondrial depolarization. c-FLIP can interfere with pro-caspase-8 activa-
tion (Irmler et al. 1997). This protein contains two death effector do-
mains (DEDs) and a catalytically inactive caspase domain. It can inter-
act with FADD and pro-caspase-8 through homotypic interactions medi-
ated by the DEDs (Irmler et al. 1997). Inhibition of caspase activity can
also be mediated by c-IAPs, which directly bind to and inhibit some cas-
pases (Deveraux et al. 1998). The Bcl-2 family members Al (also called
Bfl1) and Bcl-x; can inhibit apoptosis by preventing mitochondrial de-
polarization and release of cytochrome c. It has been shown that overex-
pression of Al can protect macrophages from Yersinia-induced apopto-
sis, but overexpression of Al also activates NF-xB (Haase et al. 2003).
Therefore, whether any of these proteins’ functions specifically block the
apoptotic pathway activated during Yersinia infection remains to be de-
termined.

PKR (interferon-induced, double-stranded RNA-activated protein ki-
nase) has recently been shown to be required for LPS-induced apoptosis
(Hsu et al. 2004). Furthermore, LPS-induced activation of PKR requires
TRIF (Hsu et al. 2004). Activated PKR phosphorylates eukaryotic trans-
lation initiation factor 2o (eIF2ar), resulting in inhibition of protein syn-
thesis. PKR is not required for LPS-induced expression of mRNAs en-
coding apoptosis inhibitors such as c-Flip, c-IAP2, or Al in macro-
phages. However, after LPS treatment, PKR activation prevents de novo
synthesis of Al protein, resulting in decreased levels of Al due to pro-
tein turnover. These results are consistent with the idea that PKR in-
duces apoptosis by inhibiting translation of antiapoptosis factors. Inter-
estingly, it has recently been reported that PKR™'~ macrophages are re-
sistant to Yersinia-induced apoptosis (Hsu et al. 2004). The proposed
function of PKR in apoptosis, inhibition of survival factor production, is
somewhat analogous to that proposed for Yop] (Fig. 4). PKR acts at the
posttranslational level, whereas Yop] acts at the level of gene expression.
One would therefore predict that in the presence of YopJ, PKR would be
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dispensable for Yersinia-induced apoptosis. Additional studies will be
required to clarify this issue.

Transient transfection experiments indicate that RIP can activate
FADD and allow apoptosis to proceed downstream of TRIF (Han et al.
2004). Although a direct connection between TRIF, RIP, and FADD for
apoptotic signaling has not been established in macrophages, it is very
likely that FADD or another adaptor protein containing a DED and a
DD are actively involved in signaling LPS-induced apoptosis (Fig. 4).
Studies from Ruckdeschel’s group found that expression of dominant-
negative FADD, which consists of the DD only, can dramatically decrease
apoptosis induced by LPS/MG-132 without activating NF-xB (Haase et
al. 2003). The lack of NF-xB activation under these conditions argues
that the death domain of FADD specifically perturbs the apoptotic path-
way. However, whether FADD itself is directly involved in Yersinia-in-
duced apoptosis remains to be determined.

3
Role of Apoptosis During Yersinia Infection

Macrophage apoptosis is thought to play an important role in the patho-
genesis of several bacterial infections (Monack et al. 2001; Navarre and
Zychlinsky 2000). The role of macrophage apoptosis during Yersinia in-
fection has not been studied extensively, but there is some evidence to
suggest that macrophage apoptosis is important for systemic infection
of mice by Y. pseudotuberculosis (Monack et al. 1998). In mice chal-
lenged intragastrically with wild-type or yopJ-mutant Y. pseudotubercu-
losis, a yop] mutant colonized and replicated in Peyer’s patches as well
as a wild-type strain. However, over time lower numbers of yop] mutants
reached the mesenteric lymph nodes or spleen, and growth of the yopJ
mutant in these tissues was slower than for the wild type. As a result, the
50% lethal dose of the yop] mutant was higher (64-fold) that of the wild-
type strain. Because Yop] is important for apoptosis and for counteract-
ing cytokine production, it is difficult to dissect which of these activities
are important for pathogenesis. Monack et al. (Monack et al. 1998) ob-
tained evidence with flow cytometry that Y. pseudotuberculosis induced
apoptosis in Mac1™ cells in mesenteric lymph nodes and spleen and that
Yop]J was necessary for this cell death. The morphological characteristics
of the apoptotic Macl™ cells were consistent with those of macrophages,
rather than those of other Macl™ cells such as neutrophils or dendritic
cells. Histological analysis of abscesses in mesenteric lymph node sec-
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tions showed the presence of TUNEL-positive cells in the vicinity of bac-
terial microcolonies. These results are consistent with the idea that mac-
rophages recruited to mesenteric lymph nodes and spleen with the aim
of producing cytokines and phagocytosing and killing Yersinia are elim-
inated by apoptosis. However, the finding that a yopJ-mutant Y. pseudo-
tuberculosis strain colonized Peyer’s patches as well as a wild-type strain
suggests that apoptosis may be dispensable for pathogenesis in certain
tissues. We speculate that this may be due to a decreased sensitivity of
macrophages in Peyer’s patches to Yersinia-induced apoptosis. Ruckde-
schel and Richter (Ruckdeschel and Richter 2002) have shown that mac-
rophages preexposed to LPS are resistant to Yersinia-induced apoptosis.
It is possible that LPS shed from enteric microorganisms can enter into
Peyer’s patches at sufficiently high levels to result in desensitization of
Peyer’s patch macrophages to Yersinia-induced apoptosis.

Systematic studies of apoptosis during infection by other Yersinia
species have not been published, but it is likely that apoptosis plays a
similar role in the pathogenesis of the other pathogenic Yersinia species.
Straley and Bowmer (Straley and Bowmer 1986) have studied the viru-
lence of a Y. pestis yop] mutant in the mouse intravenous infection mod-
el. As discussed above, the intravenous infection model is thought to
mimic a septicemic phase of infection. The LDs, of the Y. pestis yop] mu-
tant was only 15-fold higher than that of the wild-type strain (Straley
and Bowmer 1986). The relatively small increase in LDs, seen in these
experiments may indicate that macrophage apoptosis is of greatest im-
portance for Yersinia infections initiated from peripheral routes. Alter-
natively, it is possible that apoptosis is less important for Y. pestis patho-
genesis than for pathogenesis of the enteric Yersinia infections. Addi-
tional infection studies will be needed to resolve this issue.

4
Conclusions and Perspectives

A number of bacterial pathogens induce apoptosis in macrophages in a
TTSS-dependent manner (Navarre and Zychlinsky 2000). These patho-
gens include Salmonella typhimurium (see the chapter by D.G. Guiney,
this volume), Shigella flexneri (Navarre and Zychlinsky 2000), and Pseu-
domonas aeruginosa (Hauser and Engel 1999). The Shigella flexneri pro-
tein IpaB, which is secreted by a TTSS, appears to be sufficient to trigger
apoptosis through activation of caspase-1 (Navarre and Zychlinsky
2000). Macrophage apoptosis induced by the pathogenic Yersinia species
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is also a TTSS-dependent process. The Yop] protein has been shown to
be required for apoptosis. However, unlike SipB, Yop] is not sufficient
for Yersinia-induced apoptosis. Yersinia-induced apoptosis requires the
activation of a death response pathway and the suppression of a survival
response by YopJ.

LPS acting through TLR4 appears to be the major death stimulus in
cultured macrophages infected by Yersinia. Under these conditions, a
high concentration of LPS is present because of the relatively high multi-
plicities of infection used. Furthermore, it is typical in these experiments
to add an antibiotic (gentamicin) to the tissue culture medium after sev-
eral hours of infection to prevent overgrowth of the bacteria. The antibi-
otic could lead to even greater levels of LPS release from dying bacteria.
It is interesting to consider the question of whether concentrations of
LPS are sufficiently high in vivo to stimulate a death response via TLR4.
It is possible that at early infection times when few numbers of bacteria
are present in tissues there may be insufficient LPS levels to stimulate
Yersinia-induced apoptosis via TLR4. Once the bacteria increase in
numbers and are replicating in abscesses, it seems likely that sufficient
levels of LPS will be present. It is possible that the TLR4-independent
mechanism of apoptosis that has been detected (Zhang and Bliska 2003)
could operate under conditions of low multiplicities of infection.

Given that apoptosis plays a critical role in the pathogenesis of other
bacteria, it is interesting that Yersinia yop] mutants have relatively subtle
virulence phenotypes. One reason for this may be the fact that these
bacteria can use other Yops to antagonize phagocytosis and have other
means to inhibit cytokine production (e.g., LcrV). Therefore, inducing
apoptosis is just one of several mechanisms Yersinia use to counteract
the functions of macrophages during infection.

It is plausible that macrophages are “hardwired” to commit apopto-
sis, because after finishing the mission of clearing invaders they must be
eliminated to prevent excessive damage to the surrounding tissues. De-
tection of pathogen-associated molecules by macrophages activates pro-
and antiapoptotic pathways, although the survival pathway predomi-
nates early during infection. Activation of NF-xB and MAP kinases path-
ways constitutes an important part of the host defenses against patho-
gens and promotes macrophage survival through upregulation of the in-
hibitors of apoptosis. Bacterial manipulation of either pathway may alter
the delicate balance between survival and apoptosis and influence the
outcome of the infection in favor of the bacteria.
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Abstract Entamoeba histolytica is a human intestinal parasite that causes amoebic
colitis as well as liver abscesses. Host tissues are damaged through a three-step pro-
cess involving adherence, contact-dependent cytolysis, and phagocytosis. These
three processes all contribute to the pathogenicity of this parasite. Adherence is pro-
vided by the Gal/GalNAc adherence lectin. Host cells are lysed in a contact-depen-
dent fashion. There is evidence that suggests that this contact-dependent killing in-
volves the induction of the host cell’s apoptotic machinery. Phagocytosis can then
occur, consistent with metazoan apoptotic clearance.

1
Introduction to Amoebiasis

Entamoeba histolytica is an intestinal parasite common to the socio-eco-
nomically downtrodden. It infects geographically diverse populations
where water treatment is poor or nonexistent (Shamsuzzaman et al.
2000). This parasite has a simple life cycle containing two stages: active
trophozoites and dormant, tetranucleated cysts (Flynn 1973). Cysts are
highly infectious; it is estimated that as few as ten cysts are required to
establish colonization. Infection begins when cysts are ingested, travel
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2. 3.
Ca?

Adherence Contact-dependent killing Phagocytosis

Fig. 1 Entamoeba histolytica pathogenesis occurs in three distinct steps. Entamoeba
histolytica cell killing is described in three steps. I: The amoeba comes in contact
with the cell and adheres to it in a galactose-inhibitable manner. 2: The amoeba
causes changes in the host cells; this has been seen as calcium fluxes with cells, cas-
pase activation, and morphological changes. This step is also believed to involve the
exposure of surface antigens that facilitate the uptake of the host cell. 3: The now dy-
ing host cell is engulfed by the adherent amoeba. One surface change, phosphatidyl-
serine exposure, has been linked to this process, but many others may have a role

to the intestine, and then excyst, each yielding four trophozoites. Al-
though most colonized individuals are asymptomatic, clinical outcomes
include colitis and liver or brain abscesses (Haque et al. 2003). The
World Health Organization states that there are nearly 100,000 deaths
due to infection by Entamoeba histolytica per annum (WHO 1997).

In 1903, Schaudin named Entamoeba histolytica for its ability to kill
host cells. Since then, much effort has been concentrated on understand-
ing this phenomena and how it participates in pathogenesis. Host cell
killing has been described as a multistep process including adherence,
contact-dependent Kkilling, and clearance of dying host cells (Fig. 1).
These steps allow the parasite to invade deeper into host tissues as well
as evade detection by the immune system. There are undoubtedly many
factors involved in these processes; currently there is evidence suggest-
ing roles for genes encoding the Gal/GalNac lectin subunits (Petri et al.
2002), amoebapores (Leippe et al. 1991), and cysteine proteinases (Que
and Reed 2000).

2
Overview of Contact-Dependent Cytolysis of Host Cells

Entamoeba histolytica kills multiple cell types, including neutrophils,
erythrocytes (Guerrant et al. 1981), lymphocytes (Salata et al. 1987), and
epithelial cells (Kobiler and Mirelman 1981). After adherence, morpho-
logical changes occur quickly. Typically between 5 and 15 min, changes
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appear in vitro such as the rounding up of a polarized monolayer (Li et
al. 1994), the loss of tight junctions (Leroy et al. 2000), and membrane
blebbing (Ravdin et al. 1988). However, this process requires intact
trophozoites. Neither amoebic lysates nor conditioned media can be
used to yield these effects (Ravdin et al. 1980). At 4°C amoeba adhere to
host cells, but cytolysis is not evident (Hudler et al. 1983). Hence, adher-
ence is required for cytolysis, but not sufficient.

Entamoeba histolytica adherence to host cells is 90% inhibited by the
addition of galactose or N-acetyl galactosamine in vitro. Adherence is
mediated by the Gal/GalNAc lectin of E. histolytica (Petri et al. 1987).
This lectin is made up of three subunits: the heavy subunit (Hgl) (Mann
et al. 1991; Tannich et al. 1991), the intermediate subunit (Igl) (Cheng et
al. 1998), and the light subunit (Lgl) (McCoy et al. 1993). The addition of
mucins, which are often galactose modified, inhibits adherence to host
tissues (Chadee et al. 1987). Glycosylation-deficient CHO cell mutants,
lacking terminal galactose residues on their N- and O-linked sugars, are
not recognized for adherence and consequently are spared from cytoly-
sis (Li et al. 1989). It is clear that initial adherence via the Gal/GalNac
lectin is required for cytolysis.

The events following adherence are still enigmatic. After incubation
with amoeba, there is a 20-fold increase in intracellular calcium in host
cells (Ravdin et al. 1988). The addition of EDTA or the treatment of host
cells with verapamil blocks host cell death (Ravdin et al. 1982). The im-
portance of this event is tempered by the evidence that purified Gal/
GalNAc lectin will also increase intracellular calcium in host cells with-
out causing cytolysis (Ravdin et al. 1988). The addition of cytochalasin
completely disrupts the cytotoxicity, indicating that the cytoskeleton of
E. histolytica has a function in this process (Ravdin and Guerrant 1981).
Neutralization of amoebic vesicles with 10 mM NH,CI, which increases
the pH of vesicles to >5.7, prevents amoebic killing of CHO cells in vitro
(Ravdin et al. 1986).

Other proteins have been examined in conjunction with pathogenesis.
Amoebapore is a saposin-like protein, similar to NK-lysin, that has anti-
microbial activity (Leippe et al. 1994). In vitro studies have also shown
the ability of amoebapore to lyse host tissues. This interaction is inde-
pendent of calcium, as shown by the depletion of free intracellular calci-
um with BAPTA and extracellular calcium with EDTA (Berninghausen
and Leippe 1997a). Immunogold staining has shown that amoebapore is
associated with phagosomes but is not constitutively secreted outside
the cell (Leippe et al. 1995). With antisense technology, amoebapore
knockdown strains were constructed. These strains have reduced viru-
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lence in the liver abscess model (Zhang et al. 2004) and reduce cytolytic
activity in vitro (Bracha et al. 1999). However, it is unclear whether this
is an artifact of the antibiotic selection required to harbor the antisense
vector.

Unlike Amoebapore a plethora of cysteine proteases are secreted into
the surrounding medium by E. histolytica (Schulte and Scholze 1989).
These proteins have been implicated in E. histolytica invasion in the gut.
Targets of these proteases have been found to be extracellular matrix
proteins such as laminin (Li et al. 1995). Cysteine proteinases are most
convincingly associated with invasion deeper into tissue and survival,
but not with the cytolysis events. This may change as many queries are
made into the roles of these proteins.

3
Evidence of Host Cell Apoptosis During Infection

Several attempts to classify the nature of cytolysis have been performed.
Dying host cells were examined for apoptotic phenotypes by a number
of labs. One lab showed that dying cells exhibited DNA laddering consis-
tent with late apoptosis. However, this effect could not be overcome by
the overexpression of Bcl-2 (Ragland et al., 1994). Another group ele-
gantly showed that the host cells in contact with amoeba lack many hall-
marks of apoptosis. Both human myeloid cells and Jurkat T-leukemia
cells were killed in a fashion that led to greater cell size and loss of mem-
brane integrity and were not TUNEL positive (Berninghausen and
Leippe 1997b).

More recently, investigators have directly tested for caspase involve-
ment in host cell killing (Fig. 2). Jurkat T-leukemia cells were preloaded
with a rhodamine-G;D,-rhodamine caspase 3 substrate, which when
cleaved separates the two probes, ending their quenching effect. Clearly,
after contact with E. histolytica, caspase 3 was cleaved as assayed by cells
becoming fluorescent. Host cell cytolysis could also be blocked by using
the pan-caspase inhibitor Ac-DEVD-CHO. Sorting out the upstream reg-
ulators of caspase 3 has proven to be more difficult. Caspase 8-deficient
cells were killed by E. histolytica without reduction, and the caspase 9
inhibitor AC-LEHD-fmk did not inhibit cell death, by >ICr release (Hus-
ton et al. 2000). This leaves many open questions as to what is principal-
ly causing this effect.

Some in vivo evidence exists indicating that there is a role for apopto-
sis in actual infection. Work done on the amoebic liver abscess model of
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Fig. 2 Classic apoptotic pathways involve the activation of caspase 2 by caspase 8 or
granzyme B. Caspase 8 can be activated directly through Fas-FasL interaction or
downstream of TNF receptor activation. Caspase 3 can also be activated directly
upon granzyme B inside the cell

infection showed that tissue from the site of infection was positive for
DNA laddering. Also, hepatocytes near the abscess were TUNEL positive
(Seydel and Stanley 1998). This was also corroborated by sections of tis-
sue from the intestinal model of amoebiasis, which revealed that not
only is there massive tissue damage surrounding the ulcerated mucosal
epithelium but the amoeba appear to be ingesting intact TUNEL-posi-
tive cells (Huston et al. 2003). More evidence for a role of apoptosis in E.
histolytica infection was attained by treating mice with Z-VAD-fmk, a
pan-caspase inhibitor, which yielded protection from liver abscess for-
mation, showing a direct involvement of apoptosis in E. histolytica infec-
tion (Yan and Stanley 2001). There are multiple pathways that initiate
apoptosis (Fig. 2), such as through Fas-Fas ligand interaction or TNF re-
ceptor signaling. Unfortunately, efforts to discern whether this was Fas/
FasL- or TNF receptor mediated provided no clear answer. Both Fas-de-
ficient and TNF receptor-deficient mice had no altered phenotype (Sey-
del and Stanley 1998).
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4
Phagocytosis

In metazoans, the eventual fate of apoptotic cells is ingestion by phago-
cytes (Ravichandran 2003). When speaking of a noted phagocyte, Ent-
amoeba histolytica, it is impossible to ignore this final stage of apopto-
sis. Earlier work had shown that phagocytosis-deficient amoeba were
avirulent in the hamster liver abscess model (Orozco et al. 1983). The
next question was simply, Is killing necessary to ingest host cells? An in-
extricable link was made between phagocytosis and apoptosis when liv-
ing Jurkat T-leukemia cells and cells made apoptotic by either UV expo-
sure or actinomycin D treatment were incubated with amoeba simulta-
neously in a phagocytosis assay. The apoptotic cells were ingested, but
healthy cells were not (Huston et al. 2003). In individual experiments the
number of phagocytosis-positive amoeba was higher when incubated
with apoptotic cells compared to healthy cells when cell killing was re-
duced by adding NH,Cl.

This was a red flag that perhaps one purpose for activating host cell
caspases was to utilize surface changes for ingestion of the dying cells.
One of these major changes is phosphatidylserine (PS) exposure. The
plasma membrane is organized into a bilayer with two asymmetric lipid
leaflets (Bretscher 1972). The membrane is kept asymmetric by the ac-
tivity of an ATP-dependent transporter that selectively redistributes PS
to the inner leaflet (Seigneuret and Devaux 1984). During apoptosis this
transporter is deactivated and PS diffuses out of the inner leaflet and
throughout the plasma membrane. This process can also be expedited
by the activation of a scramblase, a protein that facilitates the indiscrim-
inate flipping of phospholipids in the membrane (Williamson et al.
1992). This change is recognized by many metazoan receptors as a sig-
nal for ingestion (Fadok and Henson 2003). Early experiments had
shown that E. histolytica responds to PS liposomes, leading to actin po-
lymerization in the amoeba (Bailey et al. 1987). This was examined fur-
ther by the addition of PS liposomes to healthy Jurkat cells, which di-
rectly increased the ingestion rate of the cells (Huston et al. 2003). These
experiments have led to a belief that PS is recognized and allows the host
cells to be ingested by E. histolytica, in a manner similar to that of meta-
zoans.
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5
Conclusions and Future Directions of Studies

It is still not clear whether apoptosis is the sole or even the primary
method of killing host cells. What is known is that DNA fragmentation
has been seen in vitro as well as in vivo, caspase 3 is activated after con-
tact, cytolysis as well as infection can be blocked by the addition of cas-
pase inhibitors, and cells are only ingested by these trophozoites after a
killing event. It is also clear that Entamoeba histolytica recognizes PS
flipping on the outer leaflet of the host cells to ingest these cells.

There are still more questions than answers, but it is clear that the
host cell has some role in its own death. Caspase 3 is undoubtedly acti-
vated; however, it remains unclear whether this is a direct activation,
perhaps by amoebic proteases, or whether it is downstream of an untest-
ed pathway. The use of Z-VAD-fmk to block the liver abscess model also
illustrates a role for apoptosis in the progression of disease, but it is dis-
appointing that more specific inhibitors have not been identified. Final-
ly, although there is evidence suggesting the role of apoptotic factors in
the death of host cells, no one refutes that there are signs of necrosis.
How these two are related is still not very well understood.

Future efforts in this field will address more clearly what is happening
during the contact event. The fact that neither caspase 8 nor caspase 9 is
activated begs the question of what is activating caspase 3. One theory
involves a role for calcium (Fig. 3). The calcium flux that occurs in dying
cells perhaps acts as a death signal through calpain to activate caspase 3.
The role of calcium in apoptosis is very much debated, but calpain and
caspase 3 have been shown to have common substrates such as calp-
statin (Porn-Ares et al. 1998), PARP, and pro-caspase-3 (McGinnis et al.
1999). This could fit with what we already know, because verapamil in-
hibits calpain activity and makes host cells more resistant to contact-de-
pendent killing. It may also be possible that caspase 3 is being directly
activated by a secreted protein. Another scenario is similar to that of the
perforin and granzyme B story. These are cosecreted by immune cells
producing a portal for entry and an enzymatic execution of a cell (Rus-
sell 1983). Although there does not appear to be a homolog of granzyme
B in the E. histolytica genome, there are a large family of cysteine pro-
teinases that may substitute for this activity. These possibilities are un-
der active investigation and will provide a window on the exploitation of
mammalian apoptotic mechanisms by this parasite.

Another question that still needs to be answered is whether or not
this activation of apoptosis is being used as an anti-inflammatory in the
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Fig. 3 Proposed models of caspase 3 activation by contact with Entamoeba histolyti-
ca. Interaction with amoeba causes calcium fluxes inside cells. This can lead to acti-
vation of calpain and cleavage of caspase 3. It is also possible that amoebapore and
cysteine proteases may serve to directly activate caspase 3

host. Typically human disease presents with very little inflammation,
which is odd considering the amount of tissue damage that occurs
(Brandt and Tamayo 1970). This has prompted the belief that E. histolyt-
ica has coevolved with humans to take advantage of this pathway. If cells
that are being killed show signs of apoptosis, they will be cleared with-
out the attention of the adapted immune response. This gives the para-
site an added advantage to establishing a chronic infection. This may
even explain the ingestion of host cells that contain iron and other
things that are toxic to the amoeba.

Future work in these areas will help in better understanding and deal-
ing with these infections. We are still at the beginning of answering these
questions, but with developing tools such as the Genome Project and
RNAI, we should be making large strides that outpace our past.
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Abstract Malaria parasites of the genus Plasmodium are transmitted from host to
host by mosquitoes. Sexual reproduction occurs in the blood meal and the resultant
motile zygote, the ookinete, migrates through the midgut epithelium and transforms
to an oocyst under the basal lamina. After sporogony, sporozoites are released into
the mosquito haemocoel and invade the salivary gland before injection when next
the mosquito feeds on a host. Interactions between parasite and vector occur at all
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stages of the establishment and development of the parasite and some of these result
in the death of parasite and host cells by apoptosis. Infection-induced programmed
cell death occurs in patches of follicular epithelial cells in the ovary, resulting in fol-
licle resorption and thus a reduction in egg production. We argue that fecundity re-
duction will result in a change in resource partitioning that may benefit the parasite.
Apoptosis also occurs in cells of the midgut epithelium that have been invaded by
the parasite and are subsequently expelled into the midgut. In addition, the parasite
itself dies by a process of programmed cell death (PCD) in the lumen of the midgut
before invasion has occurred. Caspase-like activity has been detected in the cyto-
plasm of the ookinetes, despite the absence of genes homologous to caspases in the
genome of this, or any, unicellular eukaryote. The putative involvement of other cys-
teine proteases in ancient apoptotic pathways is discussed. Potential signal pathways
for induction of apoptosis in the host and parasite are reviewed and we consider the
evidence that nitric oxide may play a role in this induction. Finally, we consider the
hypothesis that death of some parasites in the midgut will limit infection and thus
prevent vector death before the parasites have developed into mature sporozoites.

1
Introduction

In many parts of the world, malaria is re-emerging as a disease of major
medical and economic importance. Transmission of the malaria parasite
(Plasmodium spp.) from host to host is dependent on an anopheline
mosquito vector and successful control methods have traditionally been
directed against the mosquito. Such measures are now failing, largely
due to the rapid spread of insecticide resistance.

The pressing need to find new control strategies has come at a time
when we are uniquely equipped to make a fresh assessment of the biolo-
gy of the malaria parasite and its mosquito vector. A resurgence in re-
search interest in mosquito-malaria interactions has occurred over the
past decade, much of it fuelled by the objective of genetically manipulat-
ing mosquitoes to be incompetent vectors. These investigations have al-
ready been aided by the publication in 2002 of both the Anopheles and
Plasmodium genomes (Gardner et al. 2002; Holt et al. 2002). Here we in-
tend to review the current understanding of the interactions that occur
between the malaria parasite and its mosquito vectors and our very re-
cent recognition that apoptosis is induced both in the parasite and in
mosquito cells as a result of infection.
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2
Plasmodium Life Cycle

2.1
The Asexual Cycle in the Vertebrate

The disease malaria is caused by apicomplexan parasites of the genus
Plasmodium. Different species infect a variety of primates, rodents, birds
and reptiles. Of the four species that infect humans, Plasmodium vivax
and Plasmodium falciparum predominate. Because of the difficulties of
performing laboratory investigation on mosquitoes infected with human
malarias, much use has been made of rodent models such as Plasmodi-
um berghei and Plasmodium yoelii and the avian malaria Plasmodium
gallinaceum. Plasmodium parasites are transmitted to their vertebrate
host via the bite of an infected mosquito. The infective sporozoite stage
of the parasite migrates to the liver to invade hepatocytes and produce
merozoites. Merozoites are released into the bloodstream when the liver
cells burst and red blood cells (RBCs) are invaded. Rounds of mitotic di-
vision produce new merozoites, each of which is capable of infecting a
new RBC when the erythrocyte ruptures. Some parasites differentiate to
form male or female gametes instead of merozoites and arrest their cell
cycle until ingested by a mosquito, marking the beginning of the sporo-
gonic cycle.

2.2
The Sporogonic Cycle in the Mosquito

On ingestion with a blood meal, intracellular gametocytes escape from
RBCs, fertilisation takes place within the midgut lumen and the resultant
zygote develops into a motile ookinete. The ookinete traverses the chiti-
nous peritrophic matrix surrounding the blood bolus to invade the mid-
gut wall, whereupon it transforms into a sessile oocyst, resting between
the midgut epithelium and basal lamina (Paul et al. 2002). Here the oo-
cyst undergoes rounds of nuclear division, producing and subsequently
releasing thousands of sporozoites. Migrating through the body cavity,
the sporozoites’ final destination is the mosquito salivary gland, where
they are injected into a vertebrate host as the mosquito takes a subse-
quent blood meal (Simonetti 1996; Paul et al. 2002). Interactions be-
tween the various stages of parasite development and the vector are de-
tailed below. Figure 1 outlines the stages of Plasmodium development in
both the vertebrate and invertebrate hosts.
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Fig. 1 Schematic life cycle of Plasmodium spp. A A mosquito takes a blood meal and
injects infective sporozoites into the peripheral circulation. Within minutes, sporo-
zoites invade hepatocytes and multiply to produce merozoite forms of the parasite.
Hepatocytes rupture and release merozoites which invade red blood cells (RBCs)
and undergo further multiplication. RBCs rupture and invasion of more RBCs oc-
curs. Some parasites differentiate into gametocytes and are ingested by the mosquito
during a blood meal. B In the mosquito digestive tract, gametocytes develop into
male and female gametes and fuse to form a zygote. The zygote develops into a mo-
tile ookinete, which traverses the midgut epithelium, develops into an oocyst and
replicates to produce sporozoites which ultimately accumulate in the salivary gland
of the mosquito

2.2.1
Gamete Formation and Fertilisation

During gametogenesis, male gametes (microgametes) undergo three
rounds of genome replication, usually within 15 min (Simonetti 1996).
The content of the resulting nucleus is divided, resulting in eight haploid
male gametes, each with an axoneme, a genome, and a kinetosome. Mi-
crogametes emerge from the RBC by a process known as exflagellation
and move within the blood meal to fertilise a female gamete (macroga-
mete) (Sinden and Croll 1975). Several factors have been implicated in
the induction of gametogenesis including a drop in temperature, a rise
in pH from 7.4 to 7.8-8.0, cyclic AMP and a molecule termed mosquito
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exflagellation factor or gametocyte activating factor, which has been
identified as xanthurenic acid and shown to trigger a rapid rise in cyto-
solic calcium in gametocytes (Billker et al. 1997, 2004; Arai et al. 2001).

2.2.2
The Zygote and Ookinete

The zygote develops within an hour of fertilisation (Simonetti 1996) and
the parasite begins to take on apicomplexan characteristics; the apical
complex is formed, including the polar rings, rhoptries and micronemes
(Sinden 1978; Han et al. 2000). Within 10-25 h, the zygote gives rise to a
motile ookinete, an invasive stage of the life cycle.

The ookinete traverses the peritrophic matrix (PM), a thick, acellular
chitin-containing layer constructed de novo by the mosquito after a
blood meal, separating the food bolus from the midgut epithelium
(Billingsley and Lehane 1996; Langer et al. 2001; Abraham and Jacobs-
Lorena 2004). The effect of the PM as a barrier to ookinete invasion has
not been clearly resolved. It seems that in P. berghei infections, the pres-
ence or absence of the PM does not affect oocyst numbers (Billingsley
and Rudin 1992). In contrast, it was observed that the PM reduced the
number of oocysts on the midgut in the P. gallinaceum-Aedes aegypti
system (Billingsley and Rudin 1992). The parasite’s ability to exit the
PM is crucial. Susceptibility to mosquito trypsins makes the ookinete
vulnerable to digestion (Simonetti 1996; Billingsley and Sinden 1997).
Paradoxically, the parasite seems to require mosquito trypsins to trigger
the activation of pro-chitinase to chitinase that enables it to digest chitin
in the PM and pass through it (Shahabuddin et al. 1993; Ghosh et al.
2000).

The route of midgut wall penetration has been the subject of much
debate (Sinden and Billingsley 2001). Studies using the same parasite-
mosquito combination have reported contradictory results with respect
to an intercellular or an intracellular route. Torii et al. (1992) showed
that parasites penetrated both through and between midgut cells, sug-
gesting that initial penetration occurred through cells and that the para-
site exited between cells at the basal end of the midgut. Recent work sug-
gests a conserved invasion route, parasites penetrating midgut epithelial
cells at the luminal surface, moving laterally through adjacent cells and
finally reaching the basal lamina (Han et al. 2000; Zieler and Dvorak
2000; Baton and Ranford-Cartwright, in press; Vlachou et al. 2004).

Further to this debate is the contentious issue of ookinete preference
for specific midgut cell types. Some authors reported that ookinetes in-
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vaded a specific group of cells, termed “Ross cells”. These cells were re-
ported to contain high amounts of vesicular ATPases and had different
staining properties and distinct morphological features (e.g. less micro-
villi) when examined under transmission electron microscopy in com-
parison to cells that were not invaded by ookinetes (Shahabuddin and
Pimenta 1998). In contrast, other authors failed to detect the high levels
of vesicular ATPases but instead noted that ookinetes caused extensive
damage to invaded cells and possibly cell death through apoptosis. This
raised the possibility that the morphological features observed in “Ross
cells” were actually the result of damage to the epithelial cells (Han et al.
2000; Zieler and Dvorak 2000; Han and Barillas-Mury 2002).

2.2.2.1
Ookinete Surface Proteins

The major ookinete surface proteins interacting with the mosquito mid-
gut fall into two categories, the P25 subfamily (including Pfs25, Pgs25,
Pys25 and Pbs25) and the P28 subfamily (including Pfs28, Pgs28, Pys21
and Pbs21) (Tsuboi et al. 1998). In P. berghei, Pbs21 and Pbs25 may con-
fer protection from immune factors, whilst being essential for midgut
invasion and ookinete to oocyst differentiation (Sidén-Kiamos et al.
2000; Tomas et al. 2001; Arrighi 2002). Pbs21 is first expressed 3 h after
the induction of gametogenesis and persists until 2-3 days after an in-
fective blood meal (Simonetti et al. 1993; Blanco et al. 1999). Although
Sidén-Kiamos et al. (2000) reported that neither single- nor double-
knockout parasites for Pbs21/Pbs25 affected parasite motility or inva-
sion, the authors recorded a 90%-95% reduction in oocyst formation in
vitro. Pbs21 appears to be involved in binding to components of the bas-
al lamina (Arrighi and Hurd 2002). Further proteins expressed in the oo-
kinete stage which are thought to be important for motility, invasion
and transformation include circumsporozoite- and thrombospondin-re-
lated adhesive protein (CTRP), von Willebrand factor type A domain-re-
lated protein (WARP) and secreted apical ookinete protein (SOAP). The
first of these, CTRP, is expressed from 10 h post-fertilisation, predomi-
nantly at the apical end of the ookinete, and remains for at least 24 h.
CTRP has also been localised to the micronemes, secretory organelles of
the apicomplexans (Dessens et al. 1999; Yuda et al. 2001; Limviroj et al.
2002). Targeted disruption and knockout studies have shown that para-
sites lacking CTRP fail to develop into oocysts, consequently blocking
mosquito transmission of these parasites (Dessens et al. 1999; Templeton
et al. 2000; Yuda et al 1999). The soluble micronemal protein expressed
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by P. berghei ookinetes, WARP, is thought to have a crucial role in motil-
ity and binding to the midgut (Yuda et al. 2001). It contains an adhesive
domain (the A domain) that is known to be implicated in cell-cell and
cell-matrix interactions, where PbWARP may interact with PbCTRP
during midgut invasion (Colombatti et al. 1993; Cruz et al. 1995; Lee et
al. 1995; Yuda et al. 2001). SOAP is thought to play an important part in
ookinete invasion of the epithelium and was shown to strongly interact
with mosquito laminin. Gene disruption studies showed that parasites
lacking SOAP were impaired in their ability to cross the midgut wall and
form oocysts (Dessens et al. 2003).

223
The Oocyst and Sporozoite

Once the parasite arrives at the basal lamina it transforms into a spheri-
cal sessile oocyst characterised by resorption of the apical complex and
secretory organelles. The oocyst grows from 2-3 um to 40 um in 10-
14 days after blood feeding as it undergoes rounds of nuclear division
for sporozoite formation (Janse and Waters 2002; Thathy et al. 2002).
These polarised sporozoites possess the characteristic features of inva-
sive stages of the apicomplexa. They contain three membranes: two in-
ner membranes that form an inner membrane complex that seems to be
constructed de novo and an outer pellicle derived from the oocyst plas-
ma membrane (Thathy et al. 2002; Kappe et al. 2004). Underlying the in-
ner membranes is a network of longitudinal microtubules that are in-
volved in motility and may also maintain sporozoite rigidity and shape.
Sporulation begins as the oocyst plasma membrane retracts from the
capsule and invaginates, creating several sporoblasts from which sporo-
zoites bud in successive waves, a process that requires the circumspro-
zoite protein (CSP) (Simonetti et al. 1993; Thathy et al. 2002). CSP is a
major sporozoite surface protein that has been implicated in gliding mo-
tility (Kappe et al. 2004), binding and invasion of salivary glands and liv-
er cells (Potocnjak et al. 1980; Yoshida et al. 1981; Sidjanski et al. 1997).
It is expressed within the oocyst and persists until 30 h post-invasion of
hepatocytes (Aikawa et al. 1981). The thrombospondin-related adhesive
protein, TRAP, is also implicated in sporozoite motility (Kappe et al.
2004).

When sporozoite formation is complete the oocysts burst, releasing
thousands of sporozoites into the haemocoel. Sporozoites appear to be
passively carried by the mosquito’s circulatory system and eventually
bind to and invade the distal lobes of the salivary glands, a process me-
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diated by CSP (Sidjanski et al. 1997; Myung et al. 2004). They then mi-
grate to the salivary ducts before injection into a new host when the
mosquito next blood feeds.

3
Interactions with the Vector

3.1
Triggering the Immune Response

Infection with Plasmodium triggers a variety of innate immune respons-
es in the mosquito that contribute to limiting infection. Parasite killing
is initiated in the midgut lumen by nitric oxide (Luckhart et al. 1998,
2003). Invasion initiates the upregulation of many innate immunity
genes and a further wave of upregulation occurs when sporozoites are
released from the oocysts into the haemolymph (Dimopoulos et al.
1998). Both systemic and local responses are initiated with the fat body
tissue, haemocytes, midgut epithelial cells and salivary glands being in-
volved. The resultant response is multifaceted and involves pattern rec-
ognition receptors, components involved in opsonisation, serine prote-
ase cascade components, antimicrobial peptides and, in a refractory
mosquito strain, a melanisation cascade is initiated (see reviews by
Barillas-Mury et al. 2000; Dimopoulos et al. 2001). Our current under-
standing of the extent to which these responses result in parasite killing
is meagre. Those innate immune responses initiated in susceptible mos-
quitoes clearly are not fully effective, but they may serve to limit infec-
tion intensity. However, gene disruption technology has demonstrated
that at least one innate immune response, namely defensin upregulation,
is ineffective (Blandin et al. 2002).

3.2
Infection and Nutrients

During its prolonged stay in the mosquito, the malaria parasite must
compete with its vector for nutrients. The parasite’s requirements for
certain free amino acids have been determined by different authors who
compared the composition of mosquito homogenate or haemolymph af-
ter feeding on glucose solutions, uninfected mice, or infected mice with
the P. berghei-Anopheles stephensi model (Gad et al. 1979; Mack et al.
1979). After an uninfected blood meal, free amino acid concentrations
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rose between 60% and 70%. In contrast, when fed on blood infected
withP. berghei, amino acid concentrations only rose between 15% and
25% (Mack et al. 1979). Mack et al. (1979) analysed the amino acid con-
centrations of the haemolymph of mosquitoes 4 and 11 days after an in-
fected or uninfected blood meal and recorded the subtle variations in
this context. They reported that infected mosquitoes had greater in-
creases in arginine, and greater decreases in valine and histidine concen-
trations, with the total disappearance of methionine. The limiting effects
of the depletion of one or more specific amino acids are unknown but
could contribute to reduced vector fitness.

4
Fitness Costs Associated with Infection

During any parasite relationship the host will incur some degree of cost
associated with infection. However, conflicting selection pressures exert-
ed on both partners in these symbioses are likely to resolve such that
the parasite maximises its fitness by extracting resources from its host
without jeopardising its transmission success. Parasites such as malaria,
which require a blood-sucking insect to complete their life cycle, are de-
pendent on the ability of the vector insect to seek out and feed on a new
host. Furthermore, the time span required for the development of infec-
tive sporozoites is surprisingly long, relative to the likely lifespan of a
mosquito in the field (Koella 1999). We would expect to find that any
costs imposed by Plasmodium have a limited effect on mosquito longev-
ity and blood feeding behaviour. Costs that are imposed by infection will
drive the evolution of countermeasures in the host such that avoidance
of infection or defence against infection will arise, unless the costs of
these defences outweigh the gain achieved by being infection free. When
examining the mosquito-malaria relationship it is therefore essential to
consider responses made by both organisms. It has recently become ap-
parent that programmed cell death has a role to play in the resolution of
these conflicts.

4.1
Reproductive Fitness

The costs imposed by malaria infection on mosquito longevity are not
clear-cut (Ferguson and Read 2002) and may be moderated by the
trade-off that is predicted to exist between longevity and fecundity
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(Sheldon and Verhulst 1996). However, in common with other insect in-
fections, malaria has been conclusively shown to reduce mosquito repro-
ductive fitness (Hurd 1990). This has been demonstrated to occur in avi-
an, rodent and human malaria species (reviewed in Hurd 2003). Approx-
imately a quarter of the developing eggs within an egg batch from an in-
fected female fail to develop and a proportion of those eggs that are
oviposited fail to hatch, despite the presence of sperm within the female
spermatheca (Ahmed et al. 1999). The resulting fecundity reduction has
been shown to occur in P. yoelii nigeriensis infections of both An. ste-
phensi and An. gambiae (Hogg and Hurd 1995; Ahmed et al. 1999) and
in P. falciparum infections of An. gambiae (Hogg and Hurd 1997).

Two aspects of the gonotrophic cycle are affected by Plasmodium in-
fection. In the ovary, growth of the oocytes is retarded and many of the
follicles that begin development are resorbed before ovulation (Carwar-
dine and Hurd 1997). Oocyte growth occurs via the incorporation of the
yolk proteins or vitellogenins (Vgs) that are synthesised in the fat body.
A parasite-induced reduction in Vg mRNA in the fat body of An. gam-
biae occurs after infection with P. y. nigeriensis and again after a second
blood meal, when oocysts are present. Vg circulating in the haemo-
lymph is initially reduced but, during the second cycle, this titre increas-
es because of impaired uptake by the ovary (Ahmed et al. 2001). These
effects of infection result in fewer resources being devoted to reproduc-
tion. Thus, by altering the partitioning of nutrients between somatic
maintenance and reproduction, sufficient nutrients may be made avail-
able for the repair of damage caused by invasion, the mounting of an in-
nate immune defense against the parasite and the nutrient requirements
of the developing oocysts (Hurd 2001, 2003). Much of this alteration of
resource management appears to be initiated by the programmed cell
death of patches of follicular epithelial cells within the terminal follicles
of the ovary (Hopwood et al. 2001).

The Vg that is synthesised in the fat body gains access to the oocyte
via the follicular epithelial cells that surround it. After a blood meal the
follicular epithelial cells of the terminal follicle undergo a conformation-
al change and spaces develop between them to facilitate passage of the
yolk proteins. Each follicle contains one oocyte and seven nurse cells
(Sokolova 1994), the latter supplying RNA and other macromolecules to
the oocyte’s cytoplasm. By 48-50 h post blood meal, oocyte maturation
is complete, the follicular epithelial cells have secreted the chorion and
the nurse cells have degenerated.
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411
Apoptosis and Follicular Resorption

Many insects have been observed to adjust the size of their egg batch in
accordance with physiological or environmental conditions. This adjust-
ment is achieved by the resorption of some or all of the developing ovar-
ian follicles. The mechanism underlying follicle, or capsule, resorption
has been studied in Drosophila. Starvation, or failure to obtain the sex
peptide acquired during mating, will result in premature nurse cell ap-
optosis, and thus capsule resorption, via changes in the titre of two hor-
mones. Juvenile hormone protects the early vitellogenic oocytes whereas
apoptosis is induced by 20-hydroxyecdysone. As a result of their studies,
Bownes and her colleagues (Soller et al. 1999) concluded that control of
oocyte development beyond a critical stage operates via a balance of
these two hormones.

Apoptotic-like death of nurse cells is a normal process during Dro-
sophila oogenesis. However, this usually occurs near the end of oogene-
sis and is accompanied by the “dumping” of the cytoplasmic contents of
the nurse cells into the oocyte (Cavaliere et al. 1998; Soller et al. 1999;
reviewed by Buszczak and Cooley 2000). The Drosophila caspase homo-
logue, dcp-1, has been shown to be essential for the completion of nor-
mal oogenesis (Foley and Cooley 1998). Expression of the activators of
apoptosis reaper (rpr) and head involution defective (hid) leads to a
stage-specific degeneration of the nurse cells by apoptosis and expres-
sion can occur at any stage of oogenesis (Chao and Nagoshi 1999). How-
ever, neither these, nor grim, are required for nurse cell apoptosis dur-
ing successful oogenesis. Transcripts for two further Drosophila caspas-
es, dredd and damm, have been detected at high levels in nurse cells or
egg chambers (Harvey et al. 2001). The ecdysone-inducible caspase
DRONC appears to be upregulated just before nurse cell dumping and
genes for DECAY and the Bcl-2 homologue, DEBCL, are expressed
throughout oogenesis (Buszczak and Cooley 2000).

Mosquitoes have also been reported to regulate egg batch size accord-
ing to the availability of nutrients; follicle resorption occurring when
blood meal size is small (Clements and Boocock 1984). Under experi-
mental conditions in which the haemoglobin content of the blood meal
of mosquitoes fed on an uninfected or a malaria-infected mouse was
similar, significant follicle resorption occurred in the infected mosqui-
toes alone (Carwardine and Hurd 1997). Follicle resorption was first de-
tected 12 h after feeding, at a time when P. y. nigeriensis ookinetes are
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still developing within the midgut lumen of An. stephensi, or just begin-
ning to invade the midgut epithelial cells (Carwardine and Hurd 1997).

Plasmodium-induced follicle resorption has been linked to the occur-
rence of apoptosis in the follicular epithelial cells (Hopwood et al. 2001).
Patches of epithelial cells containing nuclei with condensed chromatin
were detected with acridine orange staining and by the examination of
ultrathin sections of ovaries (Fig. 2). In addition, an in situ terminal de-
oxynucleotidyl transferase-mediated dUTP-biotin nick end labelling
(TUNEL) assay was used to detect DNA fragmentation in the nuclei of
both follicular epithelium and nurse cells of ovaries from females 16 and
18 h after infection (Fig. 2).

In ovaries from uninfected mosquitoes the number of resorbing folli-
cles or those containing apoptotic epithelial cells never exceeded 4% at
any time point examined (16-36 h post-feeding), whereas it reached
14%-16% in infected females. The maximum proportion of follicles con-
taining apoptotic cells occurred between 20 and 22 h post-infection but
the appearance of resorbing follicles lagged behind and peaked at 24 h.
This suggested that cell death initiated follicle resorption. Confirmation
that apoptotic death of follicle cells was the cause of follicle resorption,
rather than the result of it, was obtained by injecting mosquitoes with a
caspase inhibitor, benzyloxycarbonyl-Val-Ala-Asp (OMe) fluoromethyl-
ketone (Z-VAD.fmk), immediately after they had fed on a gametocy-
taemic mouse. When examined 24 h later, significantly fewer resorbing
follicles were detected in those mosquitoes that had been injected with a
caspase inhibitor compared with non-injected or control-injected
groups (Hopwood et al. 2001).

At present we do not know which apoptotic or anti-apoptotic genes
are involved in follicle resorption in Anopheles spp. However, the Dro-
sophila caspases involved in follicle resorption have orthologues in the

>

Fig. 2 Follicles from ovaries of malaria-infected Anopheles stephensi developing nor-
mally (left) or showing evidence of apoptosis (right). A whole mounts of individual
follicles 24 h after blood feeding, viewed under UV light after staining with acridine
orange. The left follicle (Ai) is exhibiting autofluorescence. Condensed, apoptotic
nuclei are visible in the right follicle (Aii), stained orange (a). Scale bars=20 um. B
sections of follicles from ovaries 16 h after blood feeding, stained with methyl green
and treated by TUNEL. DNA fragmentation (stained brown) can be observed in fol-
licular epithelial (f) and nurse (n) cells on the right (Bii). Scale bars=10 um. C Elec-
tron micrographs of a normal follicle 18 h after blood feeding (Ci) and a resorbing
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follicle 22 h after blood feeding (Cii). Patency (p) has developed in follicular epithe-
lial cells of the normal follicle and yolk spheres (y) have been deposited whereas, in
the resorbing follicle, no yolk is visible, epithelial cells are not patent and their nuclei
contain condensed chromatin (c). Scale bars=2 um. (Reproduced with permission
from Hopwood et al. 2001)
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An. gambiae genome. The Drosophila short-prodomain caspase, DCP-1,
has been grouped with the mosquito caspase S8, the short-prodomain
caspase DAMM was found to be most similar to Anopheles S9 and S10
and the initiator caspases DREDD and DRONC also have mosquito or-
thologues (Christophides et al. 2002). However, the pro-apoptotic gene,
rpr, has not been identified in Anopheles.

We also have no understanding of the triggers that induce or inhibit
apoptosis in mosquito ovaries. Several aspects of mosquito oogenesis,
including endocrine control, differ from Drosophila and, thus, the role
of hormone titres in the induction of apoptosis in the ovaries of infected
mosquitoes is open to conjecture. This pathway could be initiated by sig-
nals such as the presence of high levels of reactive oxygen species
(ROS), nitric oxide (NO) or reactive nitrogen intermediates (RNIs), all
of which are abundant in infected mosquitoes (see discussion below)
(Luckhart et al. 1998; Kumar et al. 2003).

Although there is much still to be learnt about the induction of apop-
tosis in the ovaries of infected mosquitoes it seems probable that this is
the pathway by which the malaria-induced reduction in reproductive
success is initiated. Taking an evolutionary perspective, we cannot yet
determine whether selection pressures have operated on the parasite to
directly induce follicle cell death, or to indirectly manipulate the process
of oogenesis via a host response to infection that triggers apoptosis. Al-
ternatively, pressures may be operating on the mosquito that select a re-
sponse to infection that hijacks pathways normally operating in situa-
tions of nutrient depletion. If hypotheses concerning the links between
fecundity reduction and longevity are upheld, then we can assume that
both the malaria parasite and the mosquito will gain by some degree of
fecundity reduction as the repartitioning of nutrient reserves may en-
able the mosquito to live longer, lay another batch of eggs and transmit
sporozoites to a new malaria host.

5
Interactions Resulting from Gut Invasion

At approximately the same time that Plasmodium infection is inducing
cell death in the follicular epithelium, ookinetes are penetrating and
traversing the midgut epithelium. Here, too, evidence has been present-
ed to suggest that infection induces host cell death by apoptosis. Using
their in vitro model to study P. gallinaceum invasion of the midgut of
the yellow fever mosquito, Ae. aegypti, Zieler and Dvorak (2000) report-
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ed morphological changes occurring in midgut epithelial cells as a result
of cell invasion. Nuclei were observed to swell and to move to an apical
position, cell surface blebbing occurred and a decrease of refractive in-
dex took place. Cell-impermeant dyes were used to demonstrate loss of
plasma membrane integrity. By preloading the epithelial cells with Phi-
PhiLux-G;D,, a cell-permeant reagent containing a caspase-3-consensus
cleavage site, they located several ookinete-containing midgut cells that
also contained an activated caspase-3-specific protease, concluding that
midgut epithelium invasion was followed by apoptotic cell death.

Using another malaria-mosquito association, P. berghei-An. stephensi,
Han et al. (2000) also showed that ookinete-invaded cells may die by
programmed cell death. The nuclei of these cells showed signs of frag-
mentation and DNA condensation. They were not able to demonstrate
nucleosome-like ladders when DNA profiles were examined, possibly
due to the low proportion of the total cells that were undergoing apopto-
sis. An. stephensi midgut cells exhibiting signs of DNA fragmentation
were also observed to be protruding into the gut lumen. It was proposed
that these damaged cells were budded off into the midgut lumen and
that within 48 h the gut epithelium had repaired the damage as actin fi-
bres became involved in a “purse-string” mechanism to extrude the
damaged cells (Han et al. 2000). These observations gave rise to the
“time bomb theory” which proposed that ookinetes must rapidly move
out of invaded cells before the cells die. Similar observations have now
been made in P. falciparum-An. stephensi infections where ookinetes
that failed to escape in time are seen within cells that are extruded into
the gut lumen (Baton and Ranford-Cartwright, in press). Apoptotic cell
death of invaded epithelial cells in An. stephensi and An. gambiae has
also been demonstrated, and distinguished from necrotic cells, by using
the nucleic acid stain YO-PRO1, which passes through the plasma mem-
brane of apoptotic cells, and propidium iodide, which only diffuses
through the damaged membranes of necrotic cells. Clusters of apoptotic
cells were observed with differing stages of apoptosis, thus giving an in-
dication of the invasion pathway (Vlachou et al. 2004).

In addition to morphological markers, caspase activity has been
linked to ookinete invasion. Ancaspase-7 is one of three apoptosis-relat-
ed molecules identified in ¢cDNA libraries enriched for sequences ex-
pressed immediately after ookinete invasion of the mosquito midgut
(Abraham et al. 2004). Ancaspase-7 shares 40% identity and 60% simi-
larity with the Drosophila caspase, DECAY, and 54% similarity with
mammalian caspase-7. Ancaspase-7 demonstrated a threefold increase
in transcription from a basal level on day 1 post-infection compared
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with transcription in mosquitoes bloodfed but not infected. A ~33-kDa
protein was identified with an anti-ancaspase-7 antibody. This antibody
also recognised a putative proteolytic product of ~19 kDa that was only
present in gut cells after invasion with very high numbers of parasites,
thus suggesting that the caspase was activated on cell invasion (Abraham
et al. 2004). These results suggest that very heavy infections are required
to induce apoptosis but the result may be a function of the lack of sensi-
tivity of the assay. The occurrence of gut cell apoptosis in natural P. fal-
ciparum infections, where parasite burden is very low, has not yet been
demonstrated. In contrast, the presence of mid- or late-stage oocysts
was not shown to induce apoptosis-promoting gene expression but was
linked with expression of putative anti-apoptotic genes (Srinivasan et al.
2004).

At this early stage in our understanding of the process of parasite-in-
duced midgut cell death, it is difficult to ascribe a role for apoptosis in
the establishment of infection, other than as a mechanism for eliminat-
ing damaged cells in a manner that prevents the leakage of haemolymph
from the haemocoel to the midgut lumen. Indeed Vlachou et al. (2004)
suggest that the hood formed by lamellipodia from adjacent midgut cells
may be stimulated by the parasite. Much work is still to be done before
we can answer such fundamental questions as, do cell death signals
come from the vector or the parasite?

In answer to this question, it has been proposed that the P. berghei
cell surface protein, Pbs21, could act as an initiator of the apoptotic cas-
cade as it is shed from ookinetes in transit through midgut epithelial
cells (Han and Barillas-Mury 2002). Alternatively, apoptosis may be trig-
gered by a localised increase in NO concentration. Han and colleagues
(2000) reported that, in the gut of infected An. stephensi, cells protrud-
ing into the lumen stain heavily for nitric oxide synthase (AsNOS). This
localised staining suggests that transcriptional upregulation of AsNOS is
initiated by invasion. However, the observation that programmed cell
death is confined to cells that have been invaded is surprising, given that
NO diffuses rapidly and is highly toxic. The occurrence of larger clusters
of apoptotic cells around the site of invasion would be more predictable
if NO operates as a cell death signal. Surprisingly, ookinetes appear to
escape intact from damaged cells and are not affected by the killing
mechanism operating in the host cells (Han et al. 2000). This is far from
the case reported for the fate of ookinetes in the midgut lumen.
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5.1
Parasite Death in the Midgut Lumen

The midgut lumen is a hostile environment in which few developing par-
asites succeed in becoming motile ookinetes and invading the midgut.
Losses occur during gametogenesis, fertilisation may fail to occur and
developing ookinetes are vulnerable to the action of digestive enzymes
(Billingsley and Sinden 1997; Ghosh et al. 2000). Thus few of the game-
tocytes that were originally imbibed survive to form oocysts on the mid-
gut wall (Vaughan et al. 1994; Alavi et al. 2003). Until recently, attention
has focused on killing mechanisms that operate in the midgut epithelial
cells, particularly of mosquitoes selected to be refractory to malaria
(Collins et al. 1986; Vernick et al. 1995). It has now been established that
approximately 50% of P. berghei ookinetes that mature in the midgut lu-
men of a susceptible strain of An. stephensi are dying before they invade
the epithelium (Al-Olayan et al. 2002b). Ookinetes of P. berghei can be
grown in vitro with a well-established technique (Sinden 1997; Al-Ola-
yan et al. 2002a). A slightly smaller proportion of parasites developing
in culture also showed signs of death (Al-Olayan et al. 2002b). Both
ookinetes and zygotes of this rodent malaria exhibit several morpholog-
ical characteristics indicative of programmed cell death by apoptosis.
Nuclei were shown to contain condensed chromatin, as detected by acri-
dine orange staining and by observation of ultrathin sections. TUNEL
was used to detect DNA fragmentation in apoptotic nuclei and translo-
cation of phosphatidylserine onto the external leaflet of the ookinete
outer membrane was observed after staining with annexin V-CY3 (see
Fig. 3). Membrane blebbing and the formation of apoptotic bodies ap-
peared to indicate later stages of the apoptotic process (Al-Olayan et al.
2002b).

5.1.1
Caspase-Like Activity in the Ookinete

A large proportion of ookinetes incubated with a carboxyfluorescine de-
rivative of benzyloxycarbonyl valyalanylaspartic acid fluoromethyl ke-
tone (fam-VAD-fmk) exhibit fluorescent activity in the cytoplasm that is
indicative of caspase-like activity (Al-Olayan et al. 2002b). This particu-
lar compound is a broad-spectrum caspase inhibitor. The caspase-3 sub-
family inhibitor, Z-DEVD.fmk, and another general caspase-inhibitor,
boc-ASP.fmk, both inhibited the process of apoptosis, whereas the cas-
pase-1 family inhibitor, Z-YVAD.cmk, did not. Interestingly, the cas-
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pase-1 family is considered to act more frequently as an inflammatory
caspase than to play a part in apoptotic pathways in the mammalian sys-
tem. The proportion of in vitro-grown P. berghei ookinetes undergoing
apoptosis at 18, 20 and 24 h post-infection was reduced by 89%, 51%
and 71%, respectively, in the presence of a further inhibitor, Z-VAD.fmk.
Z-VAD.fmk did not have a significant effect on the initiation of apoptosis
in zygotes at 18 or 20 h post-culture but it was effective on zygotes that
were still present at 24 h. Introduction of caspase inhibitors to an infec-
tive blood meal resulted in a similar inhibition of apoptosis in zygotes
and ookinetes present in the midgut lumen. Once apoptosis was inhibit-
ed in vivo, additional ookinetes survived and were able to invade the
midgut and transform into oocysts. A supplement of 0.1 mM Z-VAD.fmk
to a blood meal doubled the number of oocysts developing on the mid-
gut wall (Al-Olayan et al. 2002b).

Despite the experimental evidence that suggests a functional role for
caspase-like proteins in the apoptotic cell death of Plasmodium, no cas-
pase homologues have been identified in the published P. falciparum ge-
nome (Gardner et al. 2002). The study by Al-Olayan et al. (2002b) ob-
served caspase-like activity associated with two protein subunits of
~45 kDa and ~28 kDa in the lysate of ookinetes that developed in vitro,
but the identity of these proteins is, as yet, unknown. Interpretation of
findings regarding the identification of substrates of caspase inhibitors
may need to be re-examined in the light of a recent report that they are
not as specific as previously claimed. They will also inactivate cathepsins
to varying degrees (Rozman-Pungercar et al. 2003).

<

Fig. 3a-h P. berghei ookinetes exhibiting morphological and biochemical features
typical of metazoan apoptosis. a, b Ookinetes stained with acridine orange: a ooki-
nete with intact nuclear material, b apoptotic ookinete with condensed chromatin
(green). ¢, d Ookinetes treated with an apoTag TUNEL kit: ¢ non-apoptotic parasite,
d ookinete with a nucleus containing fragmented DNA (pink). e, f Ookinetes treated
with apoptosis detection kit Annexin V-CY3: e viable ookinete also stained with 6-
carboxyfluorescein diacetate (green), f ookinete with annexin-Cy3.18 bound to phos-
phatidylserine on the outer plasma membrane (red). g, h Ookinetes treated with a
CaspaTag™ kit: g ookinete in early stages of apoptosis with a nucleus visualised with
Hoechst stain (red) and caspase-positive cytoplasm (green), h propidium iodide-
stained nucleus in a later-stage apoptotic ookinete with a compromised membrane
(red). Scale bars: a, b=10 um, c-h=5 um. (Reproduced with permission from Al-Ola-
yan et al. 2002a)
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It is likely that an ancient apoptotic pathway operates in Plasmodium
and other unicellular eukaryotes (Aravind et al. 2001). Inhibitors of cys-
teine proteases have been reported to react with other unicellular eu-
karyotes undergoing programmed cell death, including the kinetoplas-
tids Trypanosoma cruzi, Leishmania major, Leishmania donovani (Pia-
cenza et al. 2001), the apicomplexan Cryptosporidium parvum (Ojcius et
al. 1999) and two parasitic protozoans that lack mitochondria, Tricho-
monas vaginalis and Giardia intestinalis (Chose et al. 2003). No caspases
have been identified in the genomes of any of these parasites.

Other proteases of the cysteine protease Clan CD share a primary se-
quence including the catalytic diad, histidine and cysteine and also their
secondary structure. Members of this family are found in virtually all
non-metazoan eukaryote lineages (Szallies et al. 2002). In addition to
calpain, metacaspases and paracaspase have been identified in the P. fal-
ciparum genome (Uren et al. 2000; Mottram et al. 2003). The metacas-
pase gene (gene ID PF13_0298 Ref to plasmoDB) has been cloned from a
P. falciparum cDNA library and encodes a putative catalytic diad com-
posed of His404 and Cys460 (Deponte and Becker 2004). Two metacas-
pase-like genes, mcl and mc2, that code for proteins of 593 and 1454
amino acids, respectively, have been identified in the P. berghei genome.

The yeast caspase-1 is a 52-kDa metacaspase (Yor197w) that is acti-
vated by apoptosis inducers, cleaves in a typical caspase manner and has
proteolytic activity (Madeo et al. 2002). It is encoded by the gene YCAL.
A range of apoptosis markers have been attributed to the yeast, Saccha-
romyces cervisiae (Frohlich and Madeo 2000). Caspase-like activity was
reduced in organisms with a mutation in the conserved cysteine 297 of
the YCAI gene and the normal cleavage of the C-terminal fragment of
the molecule was blocked, suggesting that this cleavage enables proteo-
lytic activity (Madeo et al. 2002). Madeo and colleagues suggest that
YCAI might be concentrated, processed and activated in an apoptosome
and that it requires a stimulus such as H,O, for activation.

Although five metacaspase genes have been identified in Trypanoso-
ma brucei (TOMCA1-TbMCAS5) their activity has not yet been associated
with apoptosis. Over-expression of TbMCA4 did, however, lead to mito-
chondrial dysfunction, growth inhibition and cell death (Szallies et al.
2002). Features typical of apoptosis have been described in T. brucei
rhodesiense including DNA fragmentation into oligonucleosomal repeat-
sized fragments of 193+5 bp whilst cell membranes remain intact, the
migration of condensed chromatin to the periphery of the nuclear mem-
brane occurs and surface membrane vesiculation occurs (Welburn et al.
1996). Features of nuclear morphology and DNA fragmentation typical
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of apoptosis have also been described in T. cruzi (Ameisen et al. 1995)
and L. amazonensis (Moreira et al. 1996).

Calpain is an additional candidate protease for induction of apoptotic
pathways (Wang 2000). Arnoult et al. (2002a) identified a calpain-like se-
quence in the kinetoplastid database. They propose these proteases to be
putative executors in Leishmania apoptosis. In addition, cathepsin B-
and L-like cysteine proteases induce death in L. major (Selzer et al.
1999).

Widespread accord has now been reached in support of the existence
of programmed cell death pathways within lineages of the parasitic pro-
tozoans and morphological markers indicate that the process is a form
of apoptosis (reviewed in Arnoult et al. 2002a). Despite this progress, we
are still some way from unravelling the execution pathways that initiate
this process in Plasmodium, or other unicellular eukaryotes, and several
candidate cysteine proteases must be investigated. It is possible that no
common pathways will be identified, and that a mechanism for con-
trolled cell death has arisen several times.

What does seem likely at the present time is that apoptosis can be in-
duced by several triggers and that these may differ amongst different
protozoans. Many investigators have seen apoptotic features after apply-
ing treatments that organisms may not have encountered during their
evolution, for example, anti-leishmanial drugs in L. donovani (Lee et al.
2002) and staurosporine in L. major (Arnoult et al. 2002b). Similarly, Pi-
cot and colleagues (1997) reported that chloroquine treatment of the
blood stages of P. falciparum resulted in oligonucleosomal DNA frag-
mentation, as demonstrated by ladder formation. Recently, Deponte and
Becker (2004) reported unpublished findings that link the treatment of
P. falciparum with anti-malarial drugs to the occurrence of DNA frag-
mentation in cultures of erythrocytic stages. They also report that H,0,,
a molecule more likely to be encountered, causes DNA fragmentation.
These findings suggest that apoptosis can be induced by several stres-
SOrs.

Stimuli likely to be met during a parasite’s life cycle have also been
implicated as apoptotic triggers. Induction of apoptosis by heat shock
has been reported in L. amazonensis (Moreira et al. 1996). Lectins pres-
ent in the tsetse midgut may initiate cell death as the lectin ConA has
been shown to stimulate apoptosis in T. b. rhodesiense (Welburn and
Murphy 1998) and serum-induced apoptosis has been reported in T. cru-
zi (Piacenza et al. 2001). The ROS H,0, causes several apoptotic features
to occur in L. donovani promastigotes, including an increase in activa-
tion of caspase-like protease (Das et al. 2001).
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5.1.2
Signals that Induce Parasite Apoptosis

Investigations that definitively identify triggers that induce apoptosis in
the mosquito stages of malaria have yet to be performed. Nevertheless,
indirect evidence is accumulating that points the finger at conditions
naturally occurring in the midgut of mosquitoes that have fed on game-
tocytaemic blood, as over 50% of P. berghei ookinetes undergo apoptosis
in this location without investigator manipulation. This cell death could
be inhibited by the addition of N“-nitro-L-arginine methyl ester
(L-NAME) to the infectious blood meal (as measured with acridine or-
ange staining). L-NAME inhibits the activity of the enzyme NOS that
catalyses the conversion of arginine to citrulline and the subsequent pro-
duction of NO; the D form of the enzyme, D-NAME, is inactive. D-NAME
had no effect on the proportion of ookinetes that were undergoing apop-
tosis at 18 and 20 h after feeding (Al-Olayan et al. 2002b) whereas the
percentage of ookinetes exhibiting caspase-like activity was reduced
from approximately 50% to 20% after L-NAME treatment (Al-Olayan
and Hurd, unpublished results).

Nitric oxide is known to induce apoptosis via activation of caspases
(Murphy 1999). It also readily forms damaging RNIs. For example, with
superoxide it will form peroxynitrate, a known inducer of apoptosis
(Sandoval et al. 1997; Brockhaus and Brune 1999; Szabo 2003) and reac-
tions with thiols and transition metal complexes form S-nitrosothiols
(SNOs) and metal-nitrosyl adducts, respectively. Nitrate and met-hae-
moglobin (met-Hb), SNO-Hb or iron-nitrosyl Hb can be formed when
NO reacts with partially oxygenated haemoglobin. Iron-nitrosyl Hb is a
catalyst for the formation of damaging oxygen radicals and nitroxyl
(HNO), another potent oxidant and inducer of apoptosis (Bai et al.
2001).

One explanation for the observation that L-NAME inhibits apoptosis
is that it is reducing NO flux in the midgut lumen by inhibiting the NOS
activity that has been identified in the midgut of infected mosquitoes
(Luckhart et al. 1998). Expression of an inducible NOS (AsNOS) has been
detected in An. stephensi after blood feeding. Infection with P. berghei or
P. falciparum caused an upregulation of expression (Luckhart et al. 1998,
2003). Differences in AsNOS expression were first detected 6 h post-in-
fection and were demonstrated to occur intermittently during the first
3 days of infection and again at the time of sporozoite release (Luckhart
et al. 1998,. 2003). Administration of L-NAME in the blood meal in-
creased the burden of P. berghei in An. stephensi, whereas provision of
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the NOS substrate L-arginine (L-Arg) reduced it, indicating that AsNOS
limits parasite development (Luckhart et al. 1998, 2003).

Approximately 30% of the ookinetes that develop in cultures of game-
tocytaemic blood show characteristics typical of apoptotic cell death,
despite the absence of a mosquito-derived source of NO (Al-Olayan et
al. 2002b). A potential source of NOS activity in these cultures is the
white cell component of the rodent blood used to initiate the cultures.
Inactivation of gametocyte activity has previously been associated with
the presence of white blood cells (Naotunne et al. 1993; Cao et al. 1998).
The removal of white blood cells before initiation of the culture resulted
in a statistically significant decrease in the percentage of apoptotic ooki-
netes but this reduction was small relative to the action of L-NAME in
vivo (Al-Olayan et al. 2002b). Clearly, apoptotic signals additional to
NOS may be present in the infected rodent blood.

Several workers have demonstrated that RNIs reduce malaria trans-
mission by affecting gametocyte infectivity (Motard et al. 1993; Nao-
tunne et al. 1993). Inactivation has also been associated with superoxide
(Harada et al. 2001; Lanz-Mendoza et al. 2002). In addition, serum, a
known inducer of apoptosis, is added to the RPMI medium used to cul-
ture developing ookinetes. Ookinetes will not develop in vitro without
the presence of serum (personal observations) but it is not known
whether it induces apoptosis.

RNIs are present in the midgut blood at inflammatory levels, derived
in part from a rodent malaria-associated increase in NOS induction in
the midgut epithelium (Dimopoulos et al. 1998; Luckhart et al. 1998,
2003). They have been detected between 8 and12 h after infection and
continue through to at least 24 h after feeding. Luckhart et al. (2003) ex-
pect these to include nitrate, nitrite and S-nitrosothiols.

An additional factor, of mammalian origin, has recently been impli-
cated in parasite death. Mammalian transforming growth factor 1
(TGF-pP1), present in the blood meal in an inactive form, is activated in
the midgut, probably by haem and the redox product of NO, nitroxyl an-
ion (Luckhart et al. 2003). Luckhart et al. showed that human TGF-f1
significantly reduced the number of P. falciparum oocysts developing on
the midgut of An. stephensi. Remarkably, TGF-B1 was shown to induce
AsNOS expression in an An. stephensi cell line, thus introducing the pos-
sibility that it acts as an immunomodulatory cytokine in the mosquito
(Luckhart et al. 2003).

Together, these results suggest that several factors from both host and
vector could contribute to parasite apoptosis in the mosquito midgut.
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These include Anopheles NOS, mammalian NOS II, and perhaps NOS-in-
dependent factors such as ROS (Kumar et al. 2003) and TGF-p1.

6
Parasite Apoptosis as a Life History Strategy

A proportion of erythrocytic-stage Plasmodium die in response to ad-
verse conditions but programmed cell death has not been detected in
the course of unchallenged infections (Picot et al. 1997; Deponte and
Becker 2004). In contrast, it would appear that it is a part of the life his-
tory strategy of the initial stages of infection in the mosquito. However,
it must be remembered that rodent malarias can result in extremely hea-
vy burdens of infection in the mosquito in comparison with P. falcipa-
rum. We have now observed that P. falciparum ookinetes undergo apop-
totic death in the midgut lumen (Pardo, Ranford-Cartwright, Hurd, per-
sonal observations). In the tsetse fly, T. brucei multiply in the midgut lu-
men and it has been suggested that PCD may act as a mechanism to con-
trol clonal growth so that these protozoans do not overwhelm the vector
(Ameisen et al. 1995). Additionally, Welburn et al. (1996) observed that
T. cruzi epimastigotes that do not convert to the trypomastigote stage in
the tsetse will die. Although malaria parasites do not multiply in the
midgut lumen, considerable damage to the midgut is incurred when they
invade the epithelial cells. Studies of the effect of infection on vector fit-
ness are contradictory (Ferguson and Read 2002). We have noted that
heavy infections result in a considerable death rate within the first 28 h
post-infection; thus it is conceivable that, in parallel with the trypano-
some-tsetse fly association, malaria PCD will limit infection intensity,
enabling the vector to survive to transmit the parasite.

Alternative functions have been proposed for the existence of PCD in
unicellular eukaryotes including an altruistic response to severe oxida-
tive damage that will conserve nutrient resources for the surrounding
cells of its clone (Frohlich and Madeo 2000) or the elimination of cells
that become producers of large amounts of ROS (Skulachev 1996). A
greater understanding of the mechanism underlying Plasmodium apop-
tosis will be required before these hypotheses can be evaluated.

These viewpoints arise from consideration of the parasite and the
benefits that may accrue to the survivors from the death of what are
likely to be members of the same clone. We must also consider the pos-
sibility that parasite death is an unavoidable consequence of having
stimulated the mosquito immune response (Dimopoulos et al. 2002). Al-
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though susceptible mosquitoes are unable to eliminate the parasite com-
pletely, they may be able to control the infection by eliminating some of
the invaders, thereby exhibiting some degree of resistance.

7
In Conclusion

The literature concerned with the role of apoptosis in the establishment
and maintenance of parasitic infections is expanding rapidly. In compar-
ison with several other protozoan parasites the malaria-mosquito asso-
ciation is a latecomer to this stage and our understanding of the triggers
that induce apoptosis in vector tissues and in the parasite itself is rudi-
mentary. With more knowledge, an insight into the role of this cell death
mechanism in the life history of the malaria parasite should follow. Like-
wise, we are just at the beginning of what should prove to be an exciting
path towards an understanding of the induction and execution of an-
cient apoptotic pathways in the parasite.
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Abstract Infection with the obligate intracellular protozoan Toxoplasma gondii leads
to lifelong persistence of the parasite in its mammalian hosts including humans. Ap-
optosis plays crucial roles in the interaction between the host and the parasite. This
includes innate and adaptive defense mechanisms to restrict intracellular parasite
replication as well as regulatory functions to modulate the host’s immune response.
Not surprisingly, however, T. gondii also extensively modifies apoptosis of its own
host cell or of uninfected bystander cells. After infection, apoptosis is triggered in T
lymphocytes and other leukocytes, thereby leading to suppressed immune responses
to the parasite. T cell apoptosis may be largely mediated by Fas engagement but also
occurs independently of Fas under certain conditions. Depending on the magnitude
of T cell apoptosis, it is either associated with unrestricted parasite replication and
severe pathology or facilitates a stable parasite-host-interaction. However, T. gondii
has also evolved strategies to inhibit host cell apoptosis. Apoptosis is blocked by in-
direct mechanisms in uninfected bystander cells, thereby modulating the inflamma-
tory response to the parasite. In contrast, inhibition of apoptosis in infected host
cells by direct interference with apoptosis-signaling cascades is thought to facilitate
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the intracellular development of T. gondii. Blockade of apoptosis by intracellular par-
asites may be achieved by different means including interference with the caspase
cascade, increased expression of antiapoptotic molecules by infected host cells, and
a decreased activity of the poly(ADP-ribose) polymerase. The intriguing dual activi-
ty of T. gondii to both promote and inhibit apoptosis requires a tight regulation to
promote a stable parasite host-interaction and establishment of persistent toxoplas-
mosis.

1
Introduction

Toxoplasma gondii is an obligate intracellular protozoan parasite that in-
fects a broad range of warm-blooded animals including approximately
30% of the human population worldwide (Tenter et al. 2000). Infection
is orally acquired by ingestion of infectious sporozoites that have been
released by parasitized cats via the feces or by ingestion of persisting
parasites contained in raw or undercooked meat from intermediate
hosts. Furthermore, transmission can occur vertically by transplacental
transmission to the offspring (see below). During primary infection, dis-
seminating parasites, the so-called tachyzoites, are able to actively in-
vade and rapidly replicate in nearly any cell type investigated so far. In
the face of an adequate immune response, these parasites differentiate
into metabolically dormant cyst-forming bradyzoites that are able to
persist predominantly in neural and muscular tissue. Infection of immu-
nocompetent individuals is mostly asymptomatic or leads to mild symp-
toms only but gives rise to chronic infection that persists throughout the
host’s life. However, T. gondii is a major opportunistic pathogen of new-
borns from recently infected mothers (Petersen et al. 2001) and of im-
munocompromised patients, i.e. those with AIDS or under immunosup-
pressive therapy (Ammassari et al. 1996). In these individuals, the pre-
mature or suppressed immune system is not able to control parasite
multiplication, eventually leading to life-threatening disease.

The importance of T cell-mediated immunity for antiparasitic activity
has been supported by experimental infections in mice showing that
CD8" and CD4" T lymphocytes are required to avoid unrestricted para-
site multiplication (Suzuki and Remington 1988; Gazzinelli et al. 1992).
Whereas CD8" T cells appear to represent the most important effector
cells against T. gondii, CD4™ T cells rather fulfill important regulatory
functions (Denkers and Gazzinelli 1998). During the early phase of in-
fection, natural killer (NK) cells may fulfill T cell-independent effector
functions against the parasite (Sher et al. 1993). Production of IFN-y
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and additional proinflammatory cytokines, e.g. TNF-a, activate infected
cells to exert antiparasitic activity and are the major mediators of resis-
tance against T. gondii (Suzuki et al. 1988; Sibley et al. 1991). Further-
more, lysis of infected target cells by CD8", CD4", and NK cells may also
contribute to parasite control at least under certain conditions (Denkers
et al. 1997; Hu et al. 1999; Curiel et al. 1993). Despite the induction of
these potentially effective immune responses against T. gondii, the host
is nevertheless unable to clear the infection.

A variety of factors have been described that may contribute to the
parasite’s ability to establish and maintain a persistent infection in its
immunocompetent host. Accumulating evidence indicates that this also
includes alterations of apoptosis in distinct host cell populations (Liider
et al. 2001; Heussler et al. 2001). This is not surprising because apoptosis
is known to play a critical role in the regulation of the immune response
(Opferman and Korsmeyer 2003), as an effector mechanism of NK cells
and cytotoxic T lymphocytes (CTL) to eliminate infected target cells
(Lieberman 2003), and as an innate response of cells after infection by
intracellular pathogens (Williams 1994). More interestingly, T. gondii
both promotes and inhibits apoptosis. Inhibition of host cell apoptosis
may allow undisturbed intracellular development, thereby facilitating
parasite survival. Increased apoptosis of immune cells after infection, on
the other hand, is thought to partially downregulate effective immune
responses against T. gondii leading to immune evasion. However, host
cell apoptosis and its modulation by the parasite not only benefit T. gon-
dii, but are also required to restrict tissue destruction by inflammatory
responses, i.e. immunopathology.

Here we review the current knowledge on the molecular mechanisms
of the dual activity of T. gondii in apoptosis. We also focus on the role of
apoptosis and its modulation by the parasite for the course of toxoplas-
mosis and for the pathogenesis of disease.

2
Infection with T. gondii as a Trigger of Apoptosis

Acute infection of both humans and mice with T. gondii induces a state
of transient immunosuppression as determined by decreased antibody
and T lymphocyte responses to homologous and heterologous antigens
(Strickland and Sayles 1977; Wing et al. 1983; Luft et al. 1984; Yano et al.
1987). Among other factors, apoptosis of T lymphocytes triggered by T.
gondii may restrict the immune response to the parasite (Khan et al.
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1996; Liesenfeld et al. 1997; Wei et al. 2002). Indeed, high levels of apop-
tosis in splenocytes have recently been associated with unrestricted par-
asite multiplication leading to high parasite burdens in various tissues
of the host (Mordue et al. 2001; Gavrilescu and Denkers 2001). Cell death
within the spleen was not restricted to certain populations but was de-
tected in CD4" and CD8" T lymphocytes, B lymphocytes, NK cells, and
granulocytes (Gavrilescu and Denkers 2003). It must be stressed, howev-
er, that the level of splenocyte apoptosis was markedly determined by
the genotype (Grigg et al. 2001) and the virulence of the parasite. This
raises the possibility that parasite-triggered extensive apoptosis of
leukocytes is not a general phenomenon after infection with T. gondii
but rather represents a characteristic determinant of the course of toxo-
plasmosis. Importantly, lymphocyte apoptosis may also influence the lo-
cal immune response after natural parasite transmission via the gut, be-
cause oral infection with T. gondii led to apoptosis in Peyer’s patch T
cells (Liesenfeld et al. 1997). Such cell death again appears to depend on
the course of infection, being observed only in inbred mouse strains
susceptible to severe disease (McLeod et al. 1996).

Apoptosis of CD4™ T cells was preceded by a state of unresponsive-
ness to antigenic or mitogenic stimulation (Khan et al. 1996). Because T
cell activation markers could be readily detected, this is reminiscent of a
similar condition described by Lopes et al. (1995) during experimental
Chagas disease, i.e. activation-induced cell death (AICD). This form of
apoptosis is initiated by the interaction of Fas and FasL, augmented by
IL-2, and is counteracted by Bcl-2 or Bcl-Xp (Van Parijs and Abbas
1996). Infection with T. gondii indeed led to the upregulation of Fas ex-
pression in Peyer’s patch T cells (Liesenfeld et al. 1997) as well as spleno-
cytes and ocular tissue (Hu et al. 1999). Furthermore, induction of apop-
tosis by T. gondii was abolished in mutant mice lacking a functional Fas-
FasL system (Liesenfeld et al. 1997; Gavrilescu and Denkers 2003). Ex-
pression of Fas as well as Fas-FasL-mediated apoptosis in T. gondii-in-
fected mice appear to be regulated by the secretion of proinflammatory
cytokines, IL-12 and IFN-p, and may be counterbalanced by activation
of NF-xB, (Caamano et al. 2000). These results clearly suggest a crucial
role of the interaction of Fas and its ligand in T. gondii-triggered apopto-
sis of T cells.

Recently, human dendritic cells infected with viable, but not nonvia-
ble, parasites have been shown to induce T lymphocyte apoptosis in a
contact-dependent and Fas-independent fashion (Wei et al. 2002). Beside
AICD, T cell death in the absence of Fas ligation (Van Parijs and Abbas
1996) may thus also contribute to T lymphocyte dysfunction during tox-
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oplasmosis. Whether such form of apoptosis operates in vivo, however,
is yet unknown. It nevertheless raises the possibility that both Fas-de-
pendent and -independent cell death deplete T cells during toxoplasmo-
sis. Further experiments are needed to unravel the relative contribution
of these different forms of cell death for the course of infection. Further-
more, its overall impact on the transient immunosuppression during
toxoplasmosis also awaits further clarification.

3
Inhibition of Host Cell Apoptosis by T. gondii

Besides increased apoptosis of distinct cell populations after infection,
T. gondii has been shown clearly to also decrease host cell death (Hisae-
da et al. 1997; Nash et al. 1998; Goebel et al. 1999, 2001; Channon et al.
2002; Payne et al. 2003). Parasite-mediated resistance against apoptosis
was observed in both murine and human cell lines treated with diverse
inducers of apoptosis, including CTL-mediated cytotoxicity, irradiation,
growth factor withdrawal, TNF-¢, and/or several toxic agents (Nash et
al. 1998; Goebel et al. 2001; Payne et al. 2003). Furthermore, T. gondii
also led to decreased apoptosis in primary cells cultured ex vivo after
growth factor withdrawal (Hisaeda et al. 1997; Channon et al. 2002). Im-
portantly, inhibition of apoptosis has recently also been shown to occur
in vivo after intraperitoneal infection of mice with T. gondii (Orlowsky
et al. 1999, 2002). This suggests that interference of T. gondii with the
suicide program of host cells may modify the course of toxoplasmosis.
Three major pathways are known to trigger apoptosis in response to
external or internal stimuli: (a) binding of death ligands to their specific
cell surface receptors, such as Fas or TNF receptor I (death receptor
pathway; Tibbetts et al. 2003), (b) release of cytochrome ¢ from the mi-
tochondria into the cytosol induced by irradiation, toxic agents, cellular
stress, or growth factor withdrawal (mitochondrial pathway; Green and
Reed 1998), and (c) release of perforin and granzymes by NK cells and
CTL (granule-mediated cytotoxicity; Lieberman 2003). Although cas-
pase-independent cell death may occur under certain conditions
(Lieberman 2003), the apoptosis-regulating pathways mostly converge at
the level of activated caspase 3 and other effector caspases, which finally
lead to those cellular changes associated with apoptosis (Kaufmann and
Hengartner 2001). Because T. gondii targets apoptosis induced by a wide
range of different stimuli (see above) it might be hypothesized that this
is achieved by parasite interference with a component common to all
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Pro-apoptotic
signals

T. gondii and
its products

Fig. 1 Different mechanisms of T. gondii contribute to inhibition of host cell apopto-
sis during infection. A In the absence of the apoptosis-blocking features of the para-
site, proapoptotic signals either related or unrelated to infection induce apoptosis.
B In the presence of the parasite and its products, proapoptotic signals induce apop-
tosis in parasite-negative cells only, whereas direct interference of the parasite with
signaling in parasite-positive host cells blocks apoptosis. C Apoptosis induced by
proapoptotic signals may also be inhibited by indirect mechanisms, i.e., production
of host-derived antiapoptotic molecules by Toxoplasma-infected cells. These mole-
cules in turn block apoptosis in parasite-infected cells and uninfected bystander
cells

pathways. To date, however, experimental evidence rather suggests that
T. gondii inhibits apoptosis of host cells by different mechanisms.
Whereas direct inhibition of host cell apoptosis by T. gondii is restricted
to parasite-positive host cells, indirect mechanisms protect both infected
and uninfected host cells against apoptosis (Fig. 1).

3.1
Indirect Mechanisms That Inhibit Apoptosis in Host Cells During Infection

Granulocyte colony-stimulating factor (G-CSF) and granulocyte-macro-
phage CSF (GM-CSF) secreted by T. gondii-infected human fibroblasts
increased expression of the antiapoptotic Bcl-2 family member Mcl-1
and abolished apoptosis in neutrophils in vitro (Fig. 1C; Channon et al.
2002). A similar mechanism may also operate in vivo, because the in-
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flammatory response to T. gondii after intraperitoneal infection of mice
is accompanied by increased levels of Al, an antiapoptotic protein simi-
lar to Mcl-1 (Orlofsky et al. 1999). Importantly, parasite-induced expres-
sion of Al led to increased numbers of peritoneal macrophages and neu-
trophils, possibly by inhibiting apoptosis of these cells. Although it has
not been directly addressed, increased expression of A1 may result from
parasite-driven secretion of inflammatory cytokines such as GM-CSF
(Orlofsky et al. 1999). Expression of heat shock protein (HSP) 65 in in-
flammatory macrophages after infection with T. gondii strains of low
virulence also prevents apoptosis of these cells (Hisaeda et al. 1997). Fur-
thermore, depletion of yd T cells abolished parasite-driven HSP65 ex-
pression and induced apoptosis in macrophages from Toxoplasma-in-
fected mice (Hisaeda et al. 1997). This indicates that priming of pé T
lymphocytes by Toxoplasma or its products under certain conditions
regulates apoptosis of inflammatory macrophages in an indirect fashion.
Whether the increase in HSP65 expression is mediated by secretion of
inflammatory cytokines in vivo awaits further clarification.

3.2
Direct Inhibtion of Host Cell Apoptosis by T. gondii

In addition to indirect mechanisms, T. gondii has evolved strategies to
directly inhibit host cell apoptosis (Nash et al. 1998; Goebel et al. 1999,
2001; Payne et al. 2003). Such inhibition requires the presence of intra-
cellular parasites that may directly interfere with signaling cascades of
the host cell (Fig. 1B). It is therefore restricted to parasite-positive host
cells and is not observed in parasite-negative bystander cells (Goebel et
al. 1999). Direct inhibition of host cell apoptosis has been predominant-
ly investigated in vitro after treatment of host cells with proapoptotic
stimuli to obtain high-level apoptosis. However, it has recently also been
observed in peritoneal exudate macrophages from Toxoplasma-infected
mice, indicating that it operates in vivo as well (Orlofsky et al. 2002).
Efforts have been undertaken to unravel the underlying mechanisms
of this parasite-host cell interaction (Fig. 2). The results show that Toxo-
plasma interferes with activation of the caspase cascade, thereby abol-
ishing cleavage of nuclear target proteins (Goebel et al. 2001; Payne et al.
2003). Although activation of caspase 9 and caspase 3 via the mitochon-
drial pathway was unequivocally inhibited by T. gondii, clear evidence is
still lacking that the death receptor pathway involving caspase 8 activa-
tion is also targeted by the parasite. Inhibition of caspase 8 activity by T.
gondii has been demonstrated in murine fibroblasts by Payne et al.
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Fig. 2 Direct interference of intracellular T. gondii with signaling cascades regulating
host cell apoptosis. Cell death may be initiated via the mitochondrial pathway or the
death receptor pathway. Both pathways converge at the level of activated effector cas-
pases, which then cleave cellular target proteins, leading to DNA fragmentation and
apoptosis. A third major pathway initiated by the release of perforin and granzymes
by cytotoxic NK cells and lymphocytes is not depicted. Intracellular parasites exert
diverse mechanisms that are thought to contribute to direct inhibition of host cell
apoptosis (indicated in orange): (i) Increased expression of antiapoptotic members
of the Bcl-2 protein family, e.g. Bfl-1 or Mcl-1, (ii) inhibition of the cytochrome c re-
lease from mitochondria into the cytosol leading to decreased activation of the cas-
pase 9 cascade, (iii) upregulation of IAPs possibly further inhibiting activity of cas-
pases, (iv) activation of NF-xB by T. gondii in distinct cell types or under distinct
conditions, thereby inducing the transcription of genes encoding antiapoptotic mo-
lecules, including Bfl-1 and IAPs, and (v) decreased cellular levels of PARP. The dif-
ferent antiapoptotic activities of T. gondii may be only partially related to each other

(2003) but was not found to occur in human histiocytic cells by others
(Goebel et al. 2001), possibly indicating species- or cell type-specific dif-
ferences. Furthermore, because the death receptor pathway partially
overlaps with the mitochondrial pathway, at least in certain cell types
(Kuwana et al. 1998; Scaffidi et al. 1999), inhibition of caspase 8 activity
by T. gondii as described (Payne et al. 2003) does not necessarily exclude
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the involvement of the mitochondrial pathway. The effect of T. gondii on
the death receptor signaling pathway thus remains to be established.
Several mechanisms have been described that accompany decreased
caspase activation in the presence of intracellular T. gondii. Inhibition of
caspase 9 and caspase 3 activity clearly correlated with decreased cyto-
chrome c release from mitochondria into the cytosol of T. gondii-infect-
ed human-derived tumor cells (Fig. 2; Goebel et al. 2001). Such interfer-
ence may be at least partially mediated by increased levels of antiapop-
totic proteins of the Bcl-2 family, because expression of Mcl-1 and Bfl-1/
Al, but not other antiapoptotic Bcl-2 proteins, was increased after para-
sitic infection (Goebel et al. 2001; Molestina et al. 2003). Although this
remains to be established, increased levels of these proteins may reduce
the activity of proapoptotic Bax, Bak, and Bok to induce the cytochrome
¢ release from mitochondria of infected cells (Adams and Cory 1998;
Kaufmann and Hengartner 2001). In addition to increased levels of anti-
apoptotic Bcl-2 family members, inhibition of apoptosis by T. gondii
may also be related to a parasite-driven increase of inhibitors of apopto-
sis (IAP) proteins, namely, NAIP1, IAP1, and IAP2 (Fig. 2; Blader et al.
2001; Molestina et al. 2003). Because IAPs are known to block apoptosis
by direct inhibition of distinct caspases, such a mechanism would oper-
ate downstream of cytochrome c release and activation of caspase 8
(Deveraux et al. 1998). Degradation of the poly(ADP-ribose) polymerase
(PARP) in the presence of intracellular parasites as described by Goebel
et al. (2001) is also possibly involved in the inhibition of apoptosis
(Fig. 2). PARP is well known as a target of activated caspases but also
promotes cell death under certain conditions (Tanaka et al. 1995; Jacob-
son and Jacobson 1999). Although direct evidence is still lacking, it thus
appears plausible that diminished PARP levels in Toxoplasma-infected
cells may inhibit apoptosis in a caspase-independent fashion (Alano et
al. 2004). In conclusion, at least three different mechanisms have been
described that possibly abolish host cell apoptosis by intracellular T.
gondii. Further analyses are clearly required to determine whether they
represent redundant mechanisms that are of functional significance for
inhibition of apoptosis in T. gondii-infected cells. It will also be of major
interest to determine whether these different mechanisms are linked to
each other or are independently regulated. In this context, it is notewor-
thy that blockade of apoptosis in murine fibroblasts by T. gondii re-
quired the activation of NF-xB (Payne et al. 2003). NF-«xB regulates
proinflammatory responses during microbial infection and also func-
tions as a cellular prosurvival pathway (Wang et al. 1998; Van Antwerp
et al. 1998). This is mediated by activating the transcription of genes en-
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Fig. 3 Fragmentation of genomic DNA and DNA-binding activity of NF-xB in hu-
man-derived promyelocytic HL-60 cells after infection of T. gondii. HL-60 cells were
infected with T. gondii or left uninfected as indicated and were then treated with ac-
tinomycin D (ActD) to induce apoptosis or left untreated. Eight hours after infection,
genomic DNA was isolated and analyzed by agarose gel electrophoresis (A). In paral-
lel, the binding activity of nuclear extracts to a radiolabeled NF-xB-specific oligonu-
cleotide probe was assessed by electromobility shift assay (B). Note that ActD-in-
duced DNA fragmentation was inhibited by T. gondii in the absence of DNA-binding
activity of NF-xB

coding antiapoptotic molecules, including Bcl-2 and IAP proteins. Regu-
lation of the antiapoptotic activity of T. gondii therefore appears to be
partially linked. However, it should be noted that inhibition of apoptosis
by T. gondii does not necessarily rely on activation of NF-«xB. For exam-
ple, in human-derived promyelocytic HL-60 cells, T. gondii inhibited ac-
tinomycin D-induced apoptosis in the absence of DNA-binding activity
of NF-xB (Fig. 3). Furthermore, several groups have shown that T. gondii
does not activate NF-xB and even inhibits activation of NF-xB induced
after treatment of murine macrophages or fibroblasts with lipopolysac-
charide (Butcher et al. 2001; Shapira et al. 2002). Therefore, NF-xB acti-
vation seems not to represent a general trait of intracellular T. gondii.
Further studies are thus urgently required to unambiguously clarify the
role of NF-xB in the inhibition of apoptosis by T. gondii.



Apoptosis and Its Modulation During Infection with Toxoplasma gondii 229

Knowledge of the parasite molecule(s) that interfere with apoptosis-
regulating signaling cascades of the host cell is still limited. Inhibtion of
apoptosis required the presence of intracellular parasites, whereas intra-
cellular replication of T. gondii was dispensable (Goebel et al. 1999). No-
tably, infection by a single viable parasite was thus sufficient to block
apoptosis of the host cell. In addition, inhibition of apoptosis by T. gon-
dii was reversible because it was abolished after killing the parasite
(Nash et al. 1998). This indicates that the production and/or secretion of
a T. gondii molecule are required to block apoptosis. T. gondii resides in-
tracellularly in a specialized membrane-bound compartment, the so-
called parasitophorous vacuole. It may therefore be hypothesized that
the parasite molecule is either small enough to diffuse through pores
within this membrane (Schwab et al. 1984) or is inserted into or even
translocated across the membrane by yet unknown transport pathways
(Cesbron-Delauw 1994; Beckers et al. 1994). Interestingly, Molestina et
al. (2003) recently reported that the inhibitor of NF-xB activation, IxB,
accumulates on the vacuolar membrane surrounding intracellular T.
gondii in murine fibroblasts. This confirms the hypothesis that parasite
molecules with access to the host cell cytoplasm may indeed interfere
with signaling cascades of the host cell, thereby abolishing apoptosis.

3.3
Significance of Decreased Host Cell Apoptosis for Intracellular Survival

To grow and replicate, T. gondii relies on the sustained viability of its
host cell. To date, however, the consequences of potential host cell apop-
tosis on the development of the parasite have not been directly ad-
dressed in detail. This question is not trivial because host cell apoptosis
not only can disturb the intracellular development of the parasite but
can also facilitate dissemination of certain pathogens (Gao and Kwaik
2000). Yamashita et al. (1998) reported that induction of apoptosis in T.
gondii-infected target cells by CTL-mediated cytotoxicity does not lead
to parasite death in vitro. In vivo, however, engulfment of apoptotic bod-
ies containing viable parasites by phagocytic cells and subsequent elimi-
nation of the parasite may considerably contribute to parasite death due
to apoptosis. Furthermore, whether such parasites are still able to invade
new host cells also remains questionable. Because T. gondii actively in-
vades its host cell and does not rely on the host cell’s phagocytic ma-
chinery (Joiner and Dubremetz 1993), it appears unlikely that apoptosis
significantly contributes to parasite dissemination within the host. It
may thus be hypothesized that interference of T. gondii with apoptosis
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of its host cell facilitates the intracellular development of the parasite
and increases parasitemia (Fig. 1B). This view is supported by Orlofsky
et al. (2002), who reported a decreased number of parasites in apoptotic
macrophage populations. Furthermore, it has been shown that several
viruses rely on the inhibition of host cell apoptosis to ensure the devel-
opmental cycle (Barry and McFadden 1998). However, further investiga-
tions are urgently required to assess whether such direct inhibition of
host cell apoptosis is also required for the development of T. gondii.

As discussed above (see Sect. 3.1), apoptosis may also be reduced in
uninfected bystander cells as a result of indirect mechanisms triggered
after infection with T. gondii (Fig. 1C). Such reduced levels of apoptosis
in distinct cell populations of the host may lead to an enhanced inflam-
matory response to the parasite (Hisaeda et al. 1997; Orlofsky et al.
2002). Inflammatory leukocytes limit parasite replication by T cell-inde-
pendent effector mechanisms (Sher at al. 1993) but can also induce host
mortality due to overwhelming immunopathology (Gazzinelli et al.
1996). Enhanced survival of inflammatory cells thus likely fulfills a dual
role during toxoplasmosis depending on the host and parasite strain as
well as the dose and route of infection. Indeed, depletion of 3 T cells in
mice infected with a low-virulence strain of T. gondii abolished parasite-
triggered inhibition of apoptosis in peritoneal macrophages and reduced
host survival (Hisaeda et al. 1997). This suggests that indirect inhibition
of apoptosis after infection with T. gondii contributes to efficient para-
site control. On the contrary, reduced cell death possibly also increases
the inflammatory response to highly virulent T. gondii strains, thereby
leading to increased immunopathology and host mortality (Orlofsky et
al. 2002). From these experimental studies in mice, it is supposed that T.
gondii-mediated inhibition of apoptosis by indirect mechanisms fulfills
a crucial role in the regulation of the immune response and the outcome
of infection.

4
Roles of Apoptosis During Toxoplasmosis

As discussed above, apoptosis may potentially fulfill a variety of innate
and adaptive effector as well as regulator functions in the response to T.
gondii. However, given the fact that parasite infection exerts a variety of
different effects on apoptosis of its host-derived cells, what are the actual
roles of apoptosis during toxoplasmosis?



Apoptosis and Its Modulation During Infection with Toxoplasma gondii 231

4.1
Apoptosis as an Effector Mechanism Against T. gondii

After infection with T. gondii, CD8" and CD4" T lymphocytes with cyto-
lytic activity against parasite-infected target cells have been isolated
(Hakim et al. 1991; Montoya et al. 1996). Because CD8" T cells represent
the more relevant effector cell type in the effective control of T. gondii
(Suzuki and Remington 1988; Gazzinelli et al. 1992), cytotoxicity via the
induction of apoptosis has been thought to represent an important effec-
tor mechanism to control parasite replication. However, this issue is ob-
scured by the fact that both CD4" and CD8" T cells not only exert cyto-
toxic effects but also produce the protective cytokine IFN-y (Suzuki et
al. 1988). With perforin knockout mice, granule-mediated cytotoxicity
of T lymphocytes and NK cells has indeed been shown to be dispensable
to control parasite replication during the acute stage of infection (Den-
kers et al. 1997). In contrast, perforin-mediated target cell lysis partially
restricted tissue cyst development within the brain and decreased sus-
ceptibility of mice during chronic Toxoplasma encephalitis (Denkers et
al. 1997). This possibly indicates that cells harboring latent bradyzoite-
containing tissue cysts are more susceptible to apoptosis than tachyzo-
ite-containing host cells. It raises the interesting hypothesis that brady-
zoites and tachyzoites differ in their ability to interfere with signaling
cascades of the host cell, with only the latter considerably blocking ap-
optosis. Alternatively, distinct conditions within the brains of infected
mice may also lead to the higher susceptibility of tissue cyst-containing
host cells to CTL-mediated cytotoxicity.

Beside granule-mediated cytotoxicity, CTL may also induce apoptosis
via the death receptor pathway (Tibbetts et al. 2003). Its impact on the
control of T. gondii has not been thoroughly investigated. However,
CTL-mediated apoptosis via this pathway represents an important regu-
lator of the immune response rather than an effector function against
intracellular pathogens (Lieberman 2003). It may therefore play only a
minor role in parasite control during toxoplasmosis.

Apoptosis as a suicide program of the cell in response to intracellular
infection with T. gondii seems not to play a significant role as an innate
effector mechanism against the parasite. This may be largely due to the
broad antiapoptotic effects of T. gondii (see Sect. 3.2). However, because
the effect of the latent bradyzoite stage of T. gondii on host cell apoptosis
is unknown, it cannot be excluded that apoptosis restricts parasite de-
velopment during chronic toxoplasmosis.
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In conclusion, apoptosis plays only a minor role in the innate and
adaptive defense against acute T. gondii infection but may contribute to
parasite control during chronic toxoplasmic encephalitis.

4.2
Apoptosis in the Pathogenesis of Toxoplasmosis

In contrast to a limited role in combating the parasite, apoptosis plays a
crucial role in the pathogenesis of toxoplasmosis. Induction of high lev-
els of apoptosis in splenocytes (Mordue et al. 2001; Gavrilescu and Den-
kers 2001), Peyer’s patch T cells (Liesenfeld et al. 1997), and peritoneal
macrophages (Hisaeda et al. 1997) after infection of mice with T. gondii
may lead to defective immune responses to the parasite. Importantly, ex-
tensive apoptosis was associated with high-level parasitemia and in-
creased susceptibility of mice to death after infection (Mordue et al.
2001; Gavrilescu and Denkers 2001; Liesenfeld et al. 1996; Hisaeda et al.
1997). Splenocyte apoptosis was clearly less evident after infection of
mice with T. gondii strains of lower virulence leading to reduced parasite
burdens (Lee et al. 1999). The level of apoptosis in T lymphocytes and
possibly other leukocytes thus appears to correlate with the induction of
pathology during toxoplasmosis. Such apoptosis may dysregulate the
immune response, thereby leading to unrestricted parasitemia and dam-
age of host tissues at least under certain conditions. In contrast, low or
intermediate levels of T cell death may contribute to the parasite’s ability
to establish persistent infections. Thus a tight regulation of T cell death
may have a critical impact on a stable parasite-host interaction during
toxoplasmosis. This view is supported by the finding that apoptosis is
able to restrict the intraocular inflammation in response to T. gondii
(Hu et al. 1999). Apoptosis of T cells may thus not only restrict the para-
site-specific immune response but also immunopathological changes of
host tissue at least in mice. It will be of major interest to determine
whether apoptosis fulfills similar roles in pathogenesis of human toxo-
plasmosis.

5
Concluding Remarks

During recent years, considerable progress has been made in our knowl-
edge of the interaction of T. gondii with host cell apoptosis. It emerges
that apoptosis triggered by T. gondii after infection of mice represents a
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crucial factor in the pathogenesis of disease. For obvious reasons, much
less is known on the role of apoptosis during human toxoplasmosis. Be-
cause the course of infection differs between mice and humans, it will be
of major importance to unravel the impact of parasite-triggered apopto-
sis during human toxoplasmosis. Inhibition of apoptosis by T. gondii, on
the other hand, may also represent a crucial factor for the parasite-host
interaction and the course of disease. Although underlying mechanisms
have been described, the exact cell biological and molecular bases and
their regulation awaits further clarification. Particularly, the parasite
molecules that interact with the apoptosis signaling cascades need to be
characterized. This may then allow straightforward elucidation of the
impact of decreased apoptosis on the course of disease. Unraveling the
fascinating dual activity of T. gondii in host cell apoptosis and its regula-
tion will undoubtedly further our understanding on the interaction of
one of the most successful intracellular parasites.
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Abstract Rabies virus (RABV) is a pathogen well-adapted to the nervous system,
where it infects neurons. RABV is transmitted by the bite of an infected animal. It
enters the nervous system via a motor neuron through the neuromuscular junction,
or via a sensory nerve through nerve spindles. It then travels from one neuron to the
next, along the spinal cord to the brain and the salivary glands. The virions are then
excreted in the saliva of the animal and can be transmitted to another host by bite.
Thus preservation of neuronal network integrity is crucial for the virus to be trans-
mitted. Successful invasion of the nervous system by RABV seems to be the result of
a subversive strategy based on the survival of infected neurons. This strategy in-
cludes protection against virus-mediated apoptosis and destruction of T cells that in-
vade the CNS in response to infection.
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Abbreviations

RABV Rabies virus

PV Pasteur virus

CVs Challenge virus standard
ERA Evelyn Rokitniki Abelseth
CNSCNS Central nervous system
NS Nervous system

NC Nucleocapsid

gld Generalized lymphoproliferative disorder
NK Natural killer cell

CTL Cytotoxic lymphocyte

1

Introduction

Rabies virus (RABV) is an enveloped bullet-shaped virus belonging to
the Rhabdoviridae family, genus Lyssavirus. The viral particle consists of
a membrane composed of host lipids and two viral proteins, G and M,
surrounding a helical nucleocapsid (NC). NC is composed of a viral neg-
ative-strand RNA molecule protected by N protein, P protein, and the
RNA-dependent RNA polymerase, L protein. This virus is a well-adapted
pathogen of the mammalian nervous system (NS), where it infects most-
ly neurons forming cytoplasmic inclusions, the Negri bodies, which are
pathognomonic of rabies. This virus is most often transmitted by bite.
Aerosol infection has also been reported. Virus particles from infected
saliva or progeny virus particles produced by muscle infection enter the
NS by the neuromuscular junctions or via a sensory nerve through
nerve spindles. RABV transport occurs exclusively by retrograde axonal
transport and spreads to anatomically connected sites (Gillet et al. 1986;
Kelly and Strick 2000). The property to be transported retrogradely into
the CNS is under the control of the surface envelope G (Etessami et al.
2000; Mazarakis et al. 2001). After a primary wave of replication within
motor neuron cell bodies, RABV travels from one neuron to another
along the spinal cord to the brain before spreading to the salivary
glands. Virions are then excreted in the saliva and transmitted to anoth-
er host by bite.

The central nervous system (CNS), eyes, and testes have intrinsic
mechanisms for controlling immune response compared to other or-
gans. This can be understood as protective mechanisms against irrevers-
ible neurological damage induced by inflammatory or cytotoxic re-
sponse (Griffith et al. 1995). Nevertheless, many virus infections of the



Modulation of the Immune Response in the Nervous System by Rabies Virus 241

NS, RNA virus infections in particular, can be cleared from the CNS by
immune mechanisms (Griffin 2003). This may indicate that on virus in-
fection the immune privilege of the CNS is possibly not as strong as has
been proposed. However, RABV may constitute an exception because
once the virus has entered the CNS, RABV progression is interrupted
neither by destruction of the infected neurons nor by the immune re-
sponse and the issue of rabies is fatal every time. Escape of RABV from
host defense mechanisms suggests that RABV has developed a subver-
sive strategy to avoid functional neuron impairment and host immune
mechanisms, which could compromise the infectious cycle of RABV in
the CNS (Lafon 2004).

Viruses have developed an abundance of strategies to subvert normal
cell systems and thereby promote virus replication. Preservation of cell
integrity can be obtained by manipulating the pathways that activate ap-
optosis to increase survival of infected cells (Alcami and Koszinowski
2000). Viruses also utilize diverse mechanisms to escape host defenses.
In particular, viruses can facilitate their own dissemination by develop-
ing stealth strategies to evade CTL and NK attack. Induction of apopto-
sis in the T cells or NK cells that are supposed to eliminate the infected
cells is one of these strategies. Killing of T cells can be accomplished by
the Fas/FasL apoptotic pathway. In this chapter, we describe how a
RABV that is highly adapted to the CNS has adopted invasive strategies
that preserve neuron integrity and evade the immune response in the
CNS.

2
Mouse Models of Infection with RABV Strains

The question of how RABV has adopted a subversive strategy to evade
the immune response can be answered, at least in part, with the illustra-
tion of experiments that use the mouse as the animal model for infection
with RABV. Routes of infection consist of peripheral intramuscular or
intranasal injection to mimic natural exposure by bite or aerosol. Several
strains of RABV with different levels of pathogenicity in mice have been
selected. Some, such as CVS (Challenge virus standard), ERA (Evelyn
Rokitniki Abelseth) PV (Pasteur virus), CVS-N2C, and CVS-B2C, are the
result of different passages in animals or cell culture. Primary sequences
of ERA, PV and CVS, CVS-B2C, and N2C are different by only a few ami-
no acids (Anilionis et al. 1981; Tordo et al. 1986; Poch et al. 1988; Mori-
moto et al. 1998). Other strains are escape mutants resulting in a single
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mutation in the G sequence, such as CVS-F3 (also named RV-194-2) or
AVO-1 with an Arg—GIn mutation at position 333 affecting the antigen-
ic site III (Dietzschold et al. 1983; Lafon et al. 1983; Seif et al. 1985) and
also ts mutant (Iwasaki et al. 1977). After injection in the periphery by
the intramuscular, subcutaneous, intraplantar, or intranasal route, the
pathogenic virus strain CVS invades the spinal cord and almost all brain
regions and causes a fatal acute encephalitis. In contrast, injected by the
same routes the RABV PV, ERA, or CVS-F3 result in a nonfatal abortive
disease characterized by a transient and restricted infection of the CNS
followed by irreversible paralysis of the inoculated limbs (Weiland et al.
1992; Xiang et al. 1995; Hooper et al. 1998; Irwin et al. 1999; Galelli et al.
2000). The restricted CNS invasion by abortive RABV can be a result of
the intrinsic property of the abortive RABV strain for progression in the
CNS, due to triggering premature cell death of the infected neurons. In-
terruption of the neuronal network by apoptosis can be evoked for the
restricted neuroinvasiveness of abortive RABV ERA and CVSB2C be-
cause these two strains can trigger apoptosis in vitro (Thoulouze et al.
1997, 2003a; Morimoto et al. 1999; Prehaud et al. 2003). In contrast, this
is not the case with the abortive RABV(PV), which does not cause death
of the neuronal cells it infects (Baloul and Lafon 2003). Thus restriction
of neuroinvasiveness is likely the result of other mechanisms, including
the control of abortive RABV infection by the immune response.

3
The Restricted Invasion of the Brain by Abortive RABV
Is Controlled by T Cells

Histological studies on brain sections from RABV-infected mice revealed
a perivascular infiltration of CD4" and CD8" T cells and the presence of
CD8" T cells in the parenchyma (Sugamata et al. 1992; Weiland et al.
1992; Galelli et al. 2000). CNS-infiltrating cells can be isolated by Percoll
gradient from the CNS of RABV-infected mice and characterized by flow
cytometry analysis (Galelli et al. 2000). Very few mononuclear cells are
detected in the CNS of uninfected mice. In contrast, the CNS of infected
mice was infiltrated by CD4" and CD8" T cells, with CD8" T cells out-
numbering CD4" T cells from day 10 onwards (Galelli et al. 2000). It is
likely these infiltrating T cells migrate from the popliteal lymph node lo-
cated near the site of virus injection or from the spleen, where infection
triggers RABV-specific proliferation and cytolytic activity against RABV
G-expressing target cells (Galelli et al. 2000). Nevertheless, migration of
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immune cells through the hematoencephalic barrier is likely a selective
process because the proportion of cells expressing CD69, a marker of T,
B, and NK cells, detected in the CNS was higher than that of those pres-
ent in the popliteal lymph node population (data not shown).

The demonstration that T cells play a critical role in controlling abor-
tive rabies has resulted from a series of experiments using different
models of immunodeficient mice. Cyclophosphamide-treated mice were
infected intramuscularly with abortive RABV(ERA) or RABV(tsCVS)
(Iwasaki et al. 1977; Smith et al. 1982), mice lacking T cells, due to an
alteration in the Foxnl gene affecting both development of the thymus
and the follicular hair growth (nude) were infected with the abortive
RABV(PV) (Galelli et al. 2000), and mice lacking both T and B cells be-
cause of defects in the gene encoding recombinases needed for recombi-
nation of functional T cell receptor and immunoglobulin genes (RAG-1

Immunocompetent Immunodeficient Immunocompetent Immunodeficient

mice mice Ty riice
Abortive RABV Acute RABV
Neurocinvasion is controlled Acute RABV escapes
by T cells (CD4+) T cells (CD4+) control

Fig. 1 Acute RABV escapes the immunosurveillance of CD4" T cells. BALB/c mice
(immunocompetent mice) and nude mice (immunodeficient mice) received an intra-
muscular injection of 107 infectious particles of RABV( CVS) or (PV) into both hind
legs. Invasion of BALB/c spinal cord and brain were limited after abortive RABV in-
fection, whereas CNS was widely invaded by acute RABV. The CNS of the immuno-
deficient mice was extensively invaded by the abortive RABV strains, causing a com-
plete invasion of the CNS and a severe lethal encephalitis similar to those triggered
by the acute RABV(CVS) infection. In contrast, neither the neuroinvasiveness nor
the lethality of acute RABV(CVS) was increased in nude mice, suggesting that acute
RABV escapes the protection conferred by T cells



244 M. Lafon

and RAG-2) were injected with the abortive RABV escaping mutants of
CVS, CVS-F3, or RV-194-2 (Xiang et al. 1995; Hooper et al. 1998). In all
instances, the CNS of the immunodeficient mice was extensively invaded
by the abortive RABV strains, causing a severe lethal encephalitis similar
to that triggered by the acute RABV(CVS) infection (Fig. 1). The trans-
formation in immunodeficient mice of an abortive RABV infection into
an acute RABV infection, indicates that T cells are a crucial factor in
controlling RABV neuroinvasiveness. Among the T cell population, pro-
tection is conferred exclusively by CD4" T cells because fatal en-
cephalopathogeny develops only after depletion of CD4" and not of
CD8™ T cells (Weiland et al. 1992; Galelli et al. 2000).

4
Apoptosis in the Abortive RABV(PV)-Infected CNS
Is a T Cell-Mediated Event

T cells can participate in the clearance of infected cells by several mecha-
nisms including cytotoxicity. The hypothesis that protective T cells trig-
ger destruction of infected neurons was tested by comparing the number
of apoptotic cells in the CNS of immunocompetent mice and T cell-defi-
cient mice (nude mice) after infection with an abortive RABV strain.
Analysis of sections of abortive RABV(PV)-infected cerebellum stained
by the TUNEL technique or with Ab specific for activated caspase indi-
cate that many cells were apoptotic and most of them were infected neu-
rons (Galelli et al. 2000; Baloul and Lafon 2003). In contrast, despite a
widespread infection of the CNS, nude mice infected with abortive
RABV(PV) exhibited very few TUNEL-positive cells (Galelli et al. 2000;
Baloul and Lafon 2003). This clearly indicates that neuron apoptosis in
the RABV( PV)-infected CNS is a T cell-mediated event that may control
virus spread in the CNS. The fact that RABV spread is controlled by T
cells is consistent with the observation that neurotropic strains of RABV
do not cause apoptosis of the cells they infect (Thoulouze et al. 1997,
2003a,b; Baloul and Lafon 2003; Lay et al. 2003; Prehaud et al. 2003) and
that apoptosis triggered by a RABV strain inversely correlates with ra-
bies pathogenicity (Morimoto et al. 1999, 2000; Thoulouze et al. 2003b).
The mechanisms involved in T-cell mediated neuronal apoptosis,
which interrupts the propagation of RABV infection, are so far un-
known. Virus-infected cells can be destroyed by classic cytotoxicity via
the recognition of virus-loaded MHC class I involving CD8" T cells. Be-
cause rabies spread is controlled by CD4 T cells it is unlikely that direct
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cytotoxicity participates in T cell-mediated RABV clearance. Moreover,
despite the large array of evidence that neurons can express class I MHC
molecules after an injury, during phases of development, synaptic plas-
ticity (Corriveau et al. 1998; Huh et al. 2000), or after infection (Pereira
et al. 1994; Pereira and Simmons 1999; Kimura and Griffin 2000; Red-
wine et al. 2001) including RABV infection (Irwin et al. 1999), the elimi-
nation of infected neurons by direct cytotoxic mechanisms is highly
questionable. Thus, with the exception of the data indicating that hippo-
campal neurons induced to express MHC class I mRNA become sensi-
tive to lysis by cytotoxic T cells provided they are pulsed with MHC
binding peptide (Medana et al. 2000), the demonstration that infected
neurons are targets for T cell cytolysis via recognition of peptide pro-
cessed with class I MHC in vivo is still lacking. Absence of cytotoxicity
could be the result of the inability of neurons to load peptides into the
groove of MHC class I molecules for antigen presentation (Joly and Old-
stone 1992). The lack of evidence for class I MHC-mediated cytotoxicity
of infected neurons may suggest that MHC class I expression during vi-
rus infection has functions that extend beyond a role in immune re-
sponse.

In the CNS of mice infected with an abortive RABV strain, T cell-me-
diated apoptosis involves not only infected neurons but noninfected
cells as well (Galelli et al. 2000). This suggests that neuronal apoptosis
occurs in the absence of antigenic presentation. Such T cell-mediated ac-
tivity has been described in human fetal neurons involving FasL, LFAI,
and CD40 without class I MHC expression (Giuliani et al. 2003). It has
also been proposed that T cells may exert clearance of infection from the
CNS by secretion of antiviral cytokines such as INF-p (Kundig et al.
1993; Binder and Griffin 2001; Chesler and Reiss 2002). T cell-dependent
IFN-y-mediated clearance of virus infection from the CNS could result
from NK cell and macrophage activation or through the ability of INF-y
to induce type I nitric oxide synthase activity that can inhibit viral repli-
cation in neurons (Komatsu et al. 1996). The hypothesis that IFN-p plays
a major role in the T cell-mediated killing of RABV-infected neurons is
strongly supported by the production of IFN-y mRNAs not only in the
abortive RABV(PV)-infected nervous parenchyma (Baloul and Lafon
2003) but also by migratory T cells (Galelli et al. 2000) and by the detec-
tion of NO in the course of RABV infection (Koprowski et al. 1993;
Akaike et al. 1995; Van Dam et al. 1995), which was found to suppress
RABV transcription (Ubol et al. 2001). A protective role for IFN-y in
RABV infection was clearly established with the observation that spread
is more extensive in the brain of IFN-p receptor-deficient mice than in
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normal mice (Hooper et al. 1998). In addition, antibodies play a critical
role in clearance of abortive RABV from the CNS. Depletion of B cells
with anti-isotype antibodies that compromise the capacity to mount an
antibody response while leaving the T cell response intact demonstrated
that B cells play an essential role in the clearance of the attenuated
RABV(HEP) (Miller et al. 1978). Mice lacking B cells (J,p knockout
mice) and mice lacking T and B cells (RAG-2 mice) injected intranasally
with the abortive RABV(CVS-F3) do not develop RABV-neutralizing an-
tibodies and succumb to infection (Hooper et al. 1998). It is unknown so
far by which mechanism, neutralization or antibody-dependent cell cy-
totoxicity (ADCC), antibodies trigger the control of CNS RABV infec-
tion.

After infection with an abortive RABV strain, normal mice and CD8"
T cell-depleted mice developed high levels of IgG2a-specific RABV se-
rum antibodies. In contrast, nude mice and CD4" T cell-depleted mice
did not develop RABV-specific IgG antibodies (Weiland et al. 1992;
Galelli et al. 2000). This indicates that CD4" T cells are an essential com-
ponent of the protective B cell response. Thus the beneficial contribution
of CD4" T cells in limiting the neuroinvasiveness of abortive RABV
could be the result of the combination of providing help for B cells and
of producing INF-y.

5
T Cells Are Triggered to Death in the Acute RABV(CVS)-Infected CNS

In striking contrast to what was observed in an abortive RABV infection,
intramuscular injection of the acute RABV(CVS) triggers only a limited
expression of IFN-y mRNAs in the CNS (Baloul and Lafon 2003) and
only low levels of RABV-specific antibodies in the CNS (Fig. 2). More-
over, neither the neuroinvasiveness nor the lethality of acute
RABV(CVS) was increased in nude mice (Camelo et al. 2000). These fea-
tures suggest that T cell-mediated protection is impaired during acute
rabies. However, after footpad injection, acute RABV(CVS) infection
triggers RABV-specific proliferation and cytotoxic activity in popliteal
lymph nodes similar to those observed after injection of abortive
RABV(RV 194-2) (Irwin et al. 1999). In addition, increase in spleen cell
number during infection and proliferation of splenocytes after addition
of ConA were similar in the first 7 days of the acute RABV(CVS) and
abortive RABV(PV) infection (Camelo et al. 2001b). Migratory mononu-
clear cells including cells expressing CD69 and T cells (CD3-, CD4-, and
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Fig. 2 Acute RABV(CVS) triggers limited amounts of RABV-specific Ab in the CNS
compared to abortive RABV(PV) infection. After transcardiac perfusion, brains and
spinal cord were dissected and homogenized 3, 5, 7, and 9 days p.i. with acute
RABV(CVS) or abortive RABV(PV) infection. RABV-specific Ab were detected by
ELISA as described previously (Lafon et al. 1990) in spinal cord or brain homoge-
nates of RABV(CVS)-infected mice (white histograms) or RABV(PV)-infected mice
(gray histograms). Results are presented as mean=SD titers of three mice. AU/ml=ar-
bitary units per ml of homogenized NS. tissues

CD8-positive cells) were detected in the parenchyma of acute
RABV(CVS)-infected mice (Camelo et al. 2000). The observation of sim-
ilar levels of mononuclear cell infiltration in the two types of infection
was consistent with the observation that abortive RABV(PV) and acute
RABV(CVS) infections triggered similar levels of production of TNF-o
(Baloul and Lafon 2003), a cytokine known to facilitate the passage of
activated T and mononuclear cells across the hematoencephalic barrier
(Seabrook and Hay 2001). The function of TNF-o as a mononuclear cell
chemoattractant in RABV-infected CNS is illustrated by the lower influx
of inflammatory cells into acute RABV(CVS)-infected mice lacking the
TNF-a receptor (p55TNFR™7) than into the CNS of normal mice
(Camelo et al. 2000).Thus the inefficiency of T cells for protection
against the CVS infection is unlikely to be the result of a lack of immune
activation in the periphery or of chemokine secretion by the infected
CNS.

Nevertheless, despite similar migration of mononuclear cells into the
CNS of acute and abortive RABV-infected mice, early in infection a ma-
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Fig. 3A-C Migratory CD3 T cells form the major group of TUNEL-positive cells in
the acute RABV(CVS)-infected CNS. A Kinetics of CD3 T cells (histogram) and num-
ber of apoptotic cells (TUNEL-positive cells, line) per field of spinal cord sections in
CVS-infected mice. Positive cells were detected by UV microscopic analysis of at
least 20 different fields. B Mice were killed 7 days after injection with CVS into both
hind legs. Spinal cord sections were double-stained with the TUNEL reagents and
CD3 or CD11b and CD11c monoclonal antibody or antibody specific for RABV nu-
cleocapsid. The number of TUNEL-positive cells and the percentages of CD11b/
CDl11c, nucleocapsid, or CD3 among the TUNEL-positive cells were determined in
20 microscope fields (magnification x40) for each condition. C CD3-positive cells
encounter apoptosis as shown by immunohistochemistry. One CD3 positive cell
(green, top panel) is TUNEL positive (red, bottom panel) (x40 objective)

jor difference in the RABV(CVS) and RABV(PV) infection occurs on day
7. At that time, the number of infiltrating T cells sharply declined in the
CNS of acute RABV(CVS)-infected mice (Fig. 3A), whereas it continued
to increase in the CNS of abortive RABV(PV)-infected mice (Galelli et
al. 2000). When the nature and the number of cells undergoing apoptosis
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in the CVS-infected CNS were analyzed further, it appeared that the
RABV(CVS)-infected CNS contained seven times fewer apoptotic cells
than the RABV(PV)-infected CNS and that in the RABV CVS infection
most TUNEL-positive cells were CD3" T cells (Fig. 3B and C). Fifteen
times as many CD3" T cells were apoptotic in brain sections of acute
RABV(CVS)-infected mice than abortive RABV (PV)-infected mice
(Baloul and Lafon 2003). Kinetic analysis of T cell mononuclear cell infil-
tration indicates that a decrease in the number of migratory cells coin-
cides with the peak of apoptosis (day 7), suggesting strongly that T cell
apoptosis may account for the disappearance of migratory cells in acute
RABV infection.

6
CD3™ T Cell Apoptosis Is a Fas/FasL-Mediated Mechanism

Fas (also called CD95 or Apo-1) is a molecule of the tumor necrosis fac-
tor-a (TNF-o) receptor family. It contains a cytoplasmic death domain.
The ligand of Fas (FasL or CD95L) is a 40-kDa type II cell surface glyco-
protein that belongs to the TNF family (Suda and Nagata 1994). In con-
trast to Fas, expression of FasL is restricted to a few cell types including
cells of immune-privileged sites such as CNS. Binding of FasL to Fas re-
sults in a rapid caspase-dependent apoptosis of Fas-bearing cells (Green
and Ferguson 2001) (Fig. 4A).

Because T cells are known to express Fas, the possibility that apopto-
sis was induced in migratory T cells by the Fas/FasL pathway in acute
RABV(CVS) infection was investigated. It was expected that FasL is up-
regulated in early stages of the infection in RABV(CVS)-infected but not
in RABV(PV)-infected CNS. Indeed, acute RABV infection induces an
early production of FasL mRNA (day 5 p.i) in the spinal cord, whereas
PV infection does not (Fig. 4B). FasL mRNA expression is followed by
FasL protein expression, mainly on RABV(CVS)-infected neurons but
also on a few uninfected cells (Baloul and Lafon 2003). Among the non-
infected cells some were not of neuron origin (NeuN negative). The pos-
sibility that some of these cells are migratory T cells, which were found
to produce FasL as well as Fas, cannot be excluded. However, most of
the nonneuron cells of the rabies virus-infected NS that produce FasL do
not have a lymphocyte morphology. They may be astrocytes or glial
cells, known to express FasL (Bonetti et al. 1997; Bechmann et al. 1999;
Choi et al. 1999; Kohji and Matsumoto 2000; Shin et al. 2002; Dockrell
2003). The production of FasL by uninfected cells may be a normal pro-
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Fig. 4A, B FasL is expressed in the CNS of acute RABV(CVS)-infected mice. A Mech-
anism leading to the destruction of activated migratory T cells expressing Fas by
RABV-infected neurons expressing FasL. B Kinetics of FasL in the CNS of RABV-in-
fected mice. Relative FasL mRNAs expression was evaluated at day 0, 3, 5, 7, and 10
p-i. in spinal cord (left panel) of either CVS-infected (solid line, black square) or PV-
infected mice (dotted line, black circle). Each point represents the arithmetic mean
of results from 3-4 mice

cess in the context of immune privilege (Bechmann et al. 1999; Shin et
al. 2002).

During acute RABV infection, FasL protein production was upregulat-
ed and concomitantly migratory CD3" T cells underwent apoptosis. The
involvement of Fas/FasL as a pathway of T cell death was investigated in
mice lacking a functional FasL (gld mice). Groups of gld mice and their
normal counterparts (B6 mice) were infected with RABV(CVS). Despite
similar levels of brain infection (data not shown), three times as many
CD3/TUNEL double-positive cells were present in B6 mice than in gld
mice infected with CVS (Fig. 5A). The lower levels of T cell death in mice
lacking functional FasL strongly supports the notion that most of the T
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Fig. 5A-C Absence of FasL reduces severity of acute RABV disease in mice. B6 and
B6 gld mice were injected i.m. with 10" PFU of acute RABV(CVS) in each hind leg.
Percentage of TUNEL-positive CD3 cells was counted in brain sections of gld mice
(gray bar) and B6 mice (black bar) on day 6 p.i. (A) and RABV(CVS) morbidity (B)
and mortality (C) were compared in the two groups of mice. Solid line and dashed
lines represent mortality and morbidity of B6 and gld mice, respectively. Experi-
ments were performed twice, with n=5 and n=8, respectively

cells that undergo apoptosis in the CVS-infected CNS follow the Fas/
FasL apoptotic pathway.

The destruction of T cells by FasL expression by neurons has been de-
scribed in vitro (Medana et al. 2001) and also in nonviral inflammation
of the CNS (Flugel et al. 2000). The destruction of recruited inflammato-
ry cells by apoptosis has been observed in the CNS of mice infected with
Sindbis virus (Havert et al. 2000) and Theiler’s virus (Schlitt et al. 2003)
and in retina infected with HCMV (Raftery et al. 2001) or RABV (Came-
lo et al. 2001a). The observation in RABV infection that fewer infiltrating
CD3 T cells undergo apoptosis in gld than in B6 mice provides the first
evidence that the apoptosis of infiltrating CD3 T cells during viral infec-
tion of the CNS occurs by the Fas/FasL pathway (Baloul et al. 2004).

Infection by the parasite Trypanozoma cruzii triggers cell death of B
cells via Fas/FasL (Zuniga et al. 2002).The possibility that in acute
RABV CNS infection, neuronal FasL upregulation could also kill infil-
trating B cells has not been addressed. Because B cells play a central
role in protection against RABV infection, this question deserves fur-
ther attention.
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7
Severity of Acute RABV(CVS) Disease Is Decreased
in Mice Lacking FasL (gld Mice)

The involvement of FasL in CVS pathogenesis was assessed by compar-
ing the progression of acute RABV(CVS) infection in B6 and gld mice
from day 3 until day 12. The first signs of hindlimb weakness appeared
as early as day 5 p.i. and paralysis of one hind leg appeared as early as
day 6 p.i. in B6 mice. In contrast, in acute RABV(CVS)-infected gld mice,
there was a 2-day delay in the development of symptoms. Moreover, the
paralysis that developed was less severe in infected gld mice than in their
normal counterparts. Overall, mean clinical score was significantly de-
creased in gld mice compared to normal mice (Fig. 5B). On day 14 p.i.
all infected B6 mice were dead, whereas only 60% of the infected gld
mice had died (Fig. 5C). These data indicate that acute RABV(CVS) in-
fection is less severe in FasL-deficient mice than in normal mice and that
the deletion of FasL favors the survival of mice infected with acute
RABV. These data strongly support the hypothesis that FasL upregula-
tion is a key factor in RABV pathogenesis. RABV-infected neurons can
evoke T cell death as a mechanism of neuroprotection and a means of
successful neuroinvasiveness.

8
How Does Acute RABV Infection Increase Neuronal FasL Expression?

The upregulation of FasL by a virus has been observed in HIV/SIV-in-
fected macrophages and lymphocytes (Badley et al. 1996; Xu et al. 1997;
Dockrell et al. 1998), in EBV-infected neutrophils (Tanner and Alfieri
1999), as well as in HCMV-infected human retinal pigment epithelial
cells and dendritic cells (Chiou et al. 2001; Raftery et al. 2001). FasL
transcription can be controlled in several ways (Li-Weber and Krammer
2003). Some evidence has been provided that Tat and Nef proteins of
HIV-1 directly upregulate the expression of FasL (Xu et al. 1997; Li-
Weber et al. 2000; Ghorpade et al. 2003). Hepatitis B virus X protein was
also found to increase the expression of FasL (Lee et al. 2002). How
RABV upregulates FasL has not been investigated yet. Direct regulation
can take place, but it cannot be ruled out that CVS induces FasL produc-
tion by an indirect mechanism, with the virus triggering FasL in cells
other than those that it infects because noninfected cells express FasL.
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9
Conclusion

Together, these observations indicate that RABV uses a subversive strate-
gy based on the preservation of the neuronal network and the destruc-
tion of T cells that invade the CNS in response to infection. This is
achieved in part because RABV cannot induce apoptosis of the neuron it
infects, and in part because it can trigger cell death in the migratory in-
filtrating "protective" T cells. The Fas/FasL apoptotic pathway is thought
to be involved in the disappearance of T cells because fewer CD3 T cells
undergo apoptosis in gld mice (which have a FasL gene containing a
point mutation resulting in a nonfunctional form of FasL). The upregu-
lation of FasL is hypothesized to play a role in RABV pathogenesis be-
cause acute RABV-infected gld mice display lower rates of mortality,
with death and symptoms occurring later, than acute RABV-infected
normal mice. This suggests that the immunosubversive strategy of
RABV involves the upregulation of FasL production to reduce the pro-
tective immune response. On the basis of our results, we propose a mod-
el to account for the success of acute RABV infection. After the injection
of CVS into the hindlimbs, progressive infection of the spinal cord and
the brain is accompanied by the production of the inflammatory cy-
tokines and chemokines that attract lymphocytes, resulting in their mi-
gration across the hematoencephalitic barrier. However, acute RABV up-
regulates FasL. The protective T cells specifically triggered in the periph-
ery are inefficient at controlling acute rabies virus encephalitis because
they are destroyed by apoptosis shortly after their entry into the CNS.
This facilitates the propagation of the neuroinvasive RABV through the
CNS to the brain, resulting in the completion of the RABV infectious cy-
cle in the host. A similar mechanism could be evoked to explain why
mice lacking functional FasL showed delayed and reduced mortality af-
ter infection with the Murray Valley encephalitis flavivirus (Licon Luna
et al. 2002). Because upregulation of FasL could be a critical factor that
contributes to virus pathogenesis and because FasL transcription can be
modulated (Cippitelli et al. 2002), it is tempting to propose that tran-
scriptional regulation of FasL gene expression may eventually be manip-
ulated to fulfill a therapeutic purpose.
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Abstract Clearance of apoptotic cells by phagocytes can result in either anti-inflam-
matory and immunosuppressive effects or prostimulatory consequences through
presentation of cell-associated antigens to T cells. The differences in outcome are
due to the conditions under which apoptosis is induced, the type of phagocytic cell,
the nature of the receptors involved in apoptotic cell capture, and the milieu in
which phagocytosis of apoptotic cells takes place. Preferential ligation of specific re-
ceptors on professional antigen-presenting cells (dendritic cells) has been proposed
to induce potentially tolerogenic signals. On the other hand, dendritic cells can effi-
ciently process and present antigens from pathogen-infected apoptotic cells to T
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cells. In this review, we discuss how apoptotic cells manipulate immunity through
interactions with dendritic cells.

Abbreviations

APC Antigen-presenting cell

CR Complement receptor

CMV Cytomegalovirus

DC Dendritic cell

DTH Delayed type hypersensitivity
GM-CSF Granulocyte-macrophage colony-stimulating factor
HSP Heat shock protein

HSV Herpes simplex virus

IC Immune complex

Ig Immunoglobulin

IFN Interferon

IL Interleukin

LPS Lipopolysaccharide

LPC Lysophosphatidylcholine

MHC Major histocompatibility complex
MBL Mannose-binding lectin

mDC Myeloid dendritic cells

LOX-1 Oxidized low-density receptor 1
PGE, Prostaglandin E,

PAF Platelet activating factor
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Introduction

Apoptosis is a physiological form of cell death occurring in normal tis-
sue turnover, during embryogenesis, and after infection or inflammation
of tissues. Uptake of apoptotic cells by surrounding phagocytes offers
their safe disposal and prevents activation of bystander cells and tissue
damage after the release of dying cell contents. Cells undergoing apopto-
sis are characterized by morphological as well as biochemical changes
such as altered distribution of membrane lipids and exposure of modi-
fied carbohydrates on the plasma membrane. These changes enable rec-
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ognition of apoptotic cells by specific receptors on phagocytes and their
rapid uptake. Elimination of apoptotic cells is most expeditiously medi-
ated by resident macrophages, but immature dendritic cells (DCs) also
phagocytose apoptotic cells, albeit less efficiently. Additionally, nonpro-
fessional phagocytes such as epithelial cells [206], fibroblasts [14], glial
cells in the brain [29], mesangial cells in the kidney [83], or hepatocytes
in the liver [43] contribute to the elimination of apoptotic cells or their
derivatives, e.g., apoptotic blebs. The failure of apoptotic cells to fre-
quently elicit clinically significant autoimmune responses is considered
to be an active process whereby phagocytes are rendered immunosup-
pressive. In contrast, apoptotic cells, when delivered to DCs together
with inflammatory signals, are an excellent source of antigen for stimu-
lating of effector T cells. In this review we discuss the characteristics of
apoptotic cell uptake by DCs and the circumstances leading to tolerance
vs. immunity.

2
Apoptotic Cells and Their Receptors

The search for receptors and molecules mediating uptake of apoptotic
cells began with the identification of the «,f; vibronectin receptor on
macrophages [173]. Savill and colleagues later demonstrated that o3
vibronectin receptor cooperates with the scavenger receptor CD36, and
uses a bridging molecule, thrombospondin, to bind apoptotic cells
[171]. Competitive binding of apoptotic cells and oxLDL by macro-
phages [23, 205] led to the discovery that apoptotic, but not live cells ex-
press oxidized moieties that are structurally analogous to those that en-
able recognition of oxLDL by scavenger receptors [30] such as scavenger
receptor A (SRA), macrosialin or CD68, and oxidized low-density recep-
tor-1 (LOX-I) [145, 153, 168].

The second important group of receptors consists of members recog-
nizing exposed phosphatidylserine (PS). PS, which is usually confined to
the cytoplasmic side of the plasma membrane by a phospholipid
translocase, is translocated to the outer part of the membrane because
of malfunction of the enzyme in cells undergoing apoptosis [217]. Re-
ceptors recognizing PS include PSR, which binds it directly or possibly
via an intermediate molecule, annexin I [11], 5,-GPI receptor, the recep-
tor tyrosine kinase MER, and o,f3; vibronectin receptor [166, 180],
which use the bridging proteins 3,-GPI, Gas6, and MFGES, respectively
[13, 6, 67, 89]. Recently, serum protein S was identified as yet another
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ligand of PS that expedites uptake of apoptotic cells by macrophages.
Protein S is partially homologous to Gas6, but its receptor on phagocytic
cells remains to be identified [6].

CD14 [39] and CD91 [143] are two additional molecules of the recep-
tor array recognizing apoptotic cells. CDI4, also known to bind lipo-
polysaccharide (LPS), has not clearly been connected to a discrete mole-
cule on apoptotic cells; however, ICAM-3, which is expressed on apop-
totic cells, has been identified as one molecule recognized by CD14
[132]. Additional candidates include PS [49] and altered carbohydrates,
because CD14 possesses lectinlike activity [64]. Recognition of apoptotic
cells by the a, macroglobulin receptor (molecule CD91) is more com-
plex. Apparently, CD9I associates with calreticulin and recognizes apop-
totic cells through bridging molecules: either the C1q component of the
complement system or defense collagens such as mannose-binding lec-
tin (MBL) [143], surfactant protein A and D, and bovine conglutinin
[175, 215].

Association with CD91 is not the only occasion where the comple-
ment system is involved in the uptake of apoptotic cells. Two comple-
ment receptors, CR3 and CR4, that belong to the 3, integrin family and
recognize complement fragment iC3b have been identified on macro-
phages and/or DCs. iC3b enhances the clearance of apoptotic cells by
macrophages and DCs, by coating apoptotic cells [216]. The primary
role of complement receptors still remains to be shown, as it is not yet
clear whether they contribute significantly to the internalization of
apoptotic cells or whether they assist other receptors in increased up-
take, perhaps by docking apoptotic cells to phagocytes ([216] and
Skoberne and Bhardwaj, unpublished data).

Finally, ABC, an ATP-binding cassette transporter, has been proposed
to play a role in capturing apoptotic cells [123]. However, little is known
about the mechanism by which this transporter mediates phagocytosis.

Apoptotic cell-phagocyte interactions are facilitated by the deactiva-
tion of CD31 (PECAM-1). CD31 is expressed on both viable and phago-
cytic cells and provides a mutual “repulsion” signal that normally pre-
vents ingestion of viable cells. However, during the process of apoptosis,
CD31 is modified so that it no longer mediates detachment, thereby per-
mitting apoptotic cells to dock to scavenger receptors [26].

Recently it was shown that phagocytic cells reach the sites where ex-
tensive apoptotic cell death occurs by chemotaxis to lysophosphatidyl-
choline (LPC) [110], a molecule that is first exposed on the surface of
apoptotic cells in a PLA, -dependent manner [99] and then released by
apoptotic cells to function as a chemoattractant. LPC is recognized by
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G2A, a recently identified receptor on phagocytes [96]. It is tempting to
speculate that LPC-G2A receptor interaction may also function to take
up apoptotic cells, as G2A was shown to be internalized after binding
LPC [96]. Without doubt, LPC is only one of the factors that facilitate
phagocyte-apoptotic cell interactions, and several more examples will
become apparent in the future.

Human DCs express several of the receptors discussed above, but so
far only a few have been examined for their role in the phagocytosis of
apoptotic cells. Rubartelli et al. [165] showed that o, 5; mediates engulf-
ment of apoptotic cells, and Albert et al. [3] could achieve up to 50% in-
hibition of apoptotic cell uptake by DCs previously exposed to specific
antibodies against the receptors a5 and CD36 . DC scavenger receptor
Lox-1 binds heat shock proteins (HSPs) and cross-presents antigens
bound to HSPs to T cells [36]; thus this receptor may take up not only
apoptotic cells but also the cell-associated debris released from necrotic
cells. This dual ability of Lox-1 may partly account for the capacity of
DCs to present antigens from both apoptotic and necrotic cells [106]. In
macrophages, CD91 binds HSPs and mediates the cross-presentation of
associated antigens, in addition to mediating the binding of apoptotic
cells [16]. Indirect recognition of apoptotic cells via Fc receptors might
also play a role in vivo, as IgG-opsonized tumor apoptotic cells have
been shown to be a good source of antigens in a vaccination study when
charged to DCs [2]. Recently, complement receptors have also been asso-
ciated with recognition of apoptotic cells by DCs, although characteriza-
tion of their role needs further investigation [134, 190, 216].

Mice that lack certain receptors or factors that mediate uptake of
apoptotic cells such as Mer [33], PSR [117], G2A [113], C1lq [203], or
IgM [25, 47] exhibit profound defects in phagocytosis of apoptotic cells
and develop syndromes resembling lupus (Mer, Cl1q, and IgM) or are
rapidly fatal (PSR). Such findings are not surprising, as failure to ade-
quately remove apoptotic cells would have serious consequences, such
as secondary necrosis and consequent inflammation. On the other hand,
a loss of other receptors that also contribute to removal of Clqg-op-
sonized apoptotic cells (e.g., CD93) does not result in development of
autoimmune disease [141], nor does the loss of &[5, a3, or CD36 re-
ceptors. In fact, these mice remain capable of cross-presenting antigens
encoded by apoptotic cells to T cells [21, 179]. A multiple receptor-based
system ensures a fail-safe elimination of apoptotic cells, but it seems that
certain receptors are essential for the prevention of autoimmunity.



264 M. Skoberne et al.

3
Inhibitory Effects of Apoptotic Cells

Several mechanisms have evolved to prevent autoimmunity to self-anti-
gens that are contained within apoptotic cells. Most self-reactive T cell
responses are eliminated early in life by central tolerance. Remaining au-
toimmune T cells are controlled by peripheral tolerance, through dele-
tion, anergy or by induction of regulatory CD4+ or CD8+ T cells that ac-
tively suppress self-reactive responses. In vivo, the tissue-resident anti-
gen-presenting cells (APCs) take up the surrounding apoptotic cells dur-
ing physiological cell turnover and migrate to lymph nodes where self-
antigens are processed and presented to T cells [88, 130]. In the absence
of inflammation, apoptotic cells may interfere with DC maturation as
well as macrophage activation [172, 210]. Therefore, DCs may reach T
cell areas of lymph nodes in an immature state and induce tolerance
rather than immune responses [40, 82, 161, 177] (Fig. 1).

The immunosuppressive effects of apoptotic cells were first identified
on macrophages, where production of several proinflammatory factors
such as TNF-q, IL-18, IL-8, GM-CSFE, and thromboxane B, was inhibited
on their ingestion [50]. In addition, ligation of PSR by apoptotic cells
stimulated TGF-f1 secretion and inhibited LPS-induced TNF-a release
in macrophages [51]. Binding of CR by specific antibodies or natural lig-
ands also inhibited IL-12 and IFN-y production by monocytes [125] or
even induced IL-10 production [226]. Similarly, ligation of CD36 in-
duced IL-10 production and inhibited TNF-a and IL-12 production in
response to LPS [219].

It is interesting that pathogens often mimic apoptotic cells and take
advantage of the same receptors to enter phagocytes and to promote im-
munosuppressive effects. For example, infectious stages of Leishmania
major bind CR3 and suppress IL-12 production by macrophages [63,
124, 128]. Also, Bordetella pertussis binds CR3, induces IL-10, and in-
hibits IL-12 production by a macrophage cell line on exposure to LPS
and IFN-y [129].

DCs were long believed to stay immunologically inert after ingestion
of apoptotic cells, but data now suggest that they also play an active role
in immunosuppression [200]. In this respect, the possible involvement
of complement receptors, CD36 and PSR has received the greatest atten-
tion.
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Fig. 1 Maturation state of DC influences T cell responses. In the periphery, DCs con-
tinuously capture physiologically dying apoptotic cells and process their antigens. In
the absence of maturation signals, these DCs retain low expression of MHC and cos-
timulatory molecules while they upregulate their expression of CCR7. They can then
migrate to the draining lymph nodes, present antigens derived from apoptotic cells
to T cells, and induce anergy, deletion, or tolerance of antigen-specific T cells. In ad-
dition, these DCs can be further skewed to a tolerizing activity by the cytokines, e.g.,
IL-10 or TGF-p, that are produced by neighboring macrophages that have ingested
apoptotic cells, by tumor cells, or by microbes. In contrast, when DCs undergo mat-
uration, the presentation of antigens derived from apoptotic cells results in the prim-
ing of effector T cells. Factors that contribute to full maturation of DCs include im-
paired clearance of apoptotic cells that is followed by secondary necrosis and release
of inflammatory cell contents, presence of microbial components, inflammatory cy-
tokines produced by infected cells or by components of preexisting immunity, such
as opsonization by antibodies or activation by CD40 molecule on activated T cells

3.1
Complement Receptors CR3 and CR4

Myeloid DCs express high levels of two complement receptors, CR3
(CD11b/CD18) and CR4 (CD11¢/CD18), which both recognize iC3b, a
breakdown product of complement and an opsonin for apoptotic cells.
Apoptotic cells activate complement via the classical pathway [101] or
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the alternative pathway [126, 207]. On activation, C3 breaks into C3a
and C3b. The latter is deposited on the surface of apoptotic cells and is
probably rapidly converted into iC3b by serum factor H or I [126, 131,
149]. Molecules on apoptotic cells responsible for activation of comple-
ment have not been identified, but exposure of PS and deposition of C3b
fragments have been positively correlated [133]. In addition, IgM
antibodies that activate the classic pathway of complement, bind LPC,
a recently defined “find and eat me” marker of apoptotic cells (The
“find and eat me” concept is nicely reviewed in [111]). In support of the
role of IgM antibodies in noninflammatory removal of apoptotic cells,
IgM_’ ~ mice were found to develop SLE-like disorders [25, 47].

Recently, ligation of the complement receptors CR3 and CR4 has been
implicated in the induction of DCs with regulatory properties [190, 216].
Verbovetski et al. used serum-deprived apoptotic Jurkat cells opsonized
with complement fragment iC3b to show that engagement of CR3 and
CR4 prevents DC maturation on stimulation with either LPS or CD40L.
Interestingly, despite the inhibition of upregulation of various matura-
tion markers, complement-treated DCs still heightened the expression of
CCR?7 (a receptor for the chemokines CCL19 and 21 expressed in the
lymph node), so conceivably these DCs could migrate and induce toler-
ogenic T cells in the secondary lymphoid organs [216].

Further confirmation of the importance of CR in DC modulation
comes from animal experimental models. Morelli et al. [134] showed
that iC3b fragments exert immunomodulary functions in vivo. They
demonstrated that in mice splenic marginal zone DCs use complement
receptors CR3 and CR4 to phagocytose circulating apoptotic cells. Inter-
action of apoptotic cells with these complement receptors reduces the
production of inflammatory cytokines such as IL-1¢, IL-1f3, and TNF-a
but does not interfere with production of TGF-f1.

Sohn and colleagues used a rat model to show complement involve-
ment in systemic tolerance induced in an immunoprivileged site. OVA-
loaded APC pretreated with either polymeric iC3b or iC3b-opsonized
erythrocytes induced suppression of DTH to OVA when injected into
rats. These observations were supported by in vitro studies demonstrat-
ing that after exposure to iC3b-opsonized erythrocytes, OVA-loaded
APCs produced TGF-f2 and IL-10. However, the authors used peritoneal
exudate cells that represent a nonhomogeneous population as APCs
[190].

Altogether, these studies provide support for the hypothesis that en-
gagement of complement receptors CR3 and CR4 interferes with DCs
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maturation. Furthermore, they imply that such DCs could be involved
in tolerance induction.

3.2
The Scavenger Receptor CD36

Plasmodium falciparum is a parasite causing malaria in humans. During
its intraerythrocytic stages it expresses the protein PfEMP-1 in erythro-
cyte membranes that mediates binding to host cells [138]. All variants of
PfEMP-1 analyzed so far bind the scavenger receptor CD36 [15]. P. falci-
parum-infected erythrocytes bind CD36 directly and the CD51/a,, inte-
grin chain indirectly (via thrombospondin) and consequently inhibit
LPS-induced expression of maturation markers on human DCs [209,
211]. Engagement of these receptors with antibodies inhibited DC matu-
ration [210], and therefore CD36 and a5 or a,f35 are among candidates
for receptors with immunosuppressive activity. Interestingly, it was re-
cently shown that CD8" T cell responses are impaired during malaria in-
fection [142], although the mechanisms leading to this impairment have
not been identified.

33
The Phosphatidylserine Receptor

Although not yet shown in DCs, in macrophages the recognition of PS
by PSR is crucial for a switch to an anti-inflammatory response [75] and
also to resolve an already established inflammation through production
of TGF-f, PGE,, and PAF and inhibition of IL-12 production [85]. In ad-
dition to its immunosuppressive role, PSR is better known for mediating
phagocytosis of apoptotic cells via a “tether-tickle mechanism.” This
theory proposes usage of different sets of receptors for docking the
apoptotic cell to the phagocyte (“tether” signal) or providing a “tickle”
signal resulting in phagocytosis of apoptotic cells. The “tickle” signal is
provided by PSR as simultaneous binding of PSR converts adhesion into
ingestion even by receptors that are normally not involved in phagocy-
tosis [79]. Ligation of PSR is necessary for activation of Racl and Cdc42,
stimulation of Arp2/3 complex-dependent actin polymerization, and
phagosome formation [79]. In contrast to activated macrophages, imma-
ture DCs express Cdc42 and are constitutively macropinocytic and pha-
gocytic [61]. As mature DCs downregulate expression of PSR, it is un-
likely that PSR plays a “tickling” role [191] and receptors such as a,fs
integrin may be self-sufficient for phagosome formation [5].
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4
Cross-Presentation

Apoptotic cells were first appreciated not for their role in tolerance in-
duction, but as a source of antigen in priming of T cell immune respons-
es. CD8" T cells generally recognize major histocompatibility complex
(MHC) class I molecules presenting peptides of 8-10 amino acids. These
cells are crucial for immune responses to tumors and to pathogens such
as viruses and intracellular bacteria and are primed when naive T cells
encounter professional APC bearing an antigenic peptide. Two mecha-
nisms are responsible for loading of peptides onto MHC class I mole-
cules: the first is the endogenous or classic pathway in which the anti-
gens are derived from proteins produced or existing in the cytosol of an
APC. The second mechanism, also referred to as “cross-presentation,’
involves an exogenous pathway in which antigens are derived from exog-
enous sources (such as apoptotic cells) that have been taken up by the
APC. The term “cross-priming” discriminates the priming of CD8" T cell
responses to antigen derived from such sources. Cross-presentation
when associated with maturation of DCs results in priming of effector
CD4" and CD8" T cell responses (cross-priming) but when associated
with immature or partially mature DCs can lead to “cross-tolerance” (re-
viewed in [20, 136, 137]).

4.1
Cell Types Responsible for Cross-Presentation

In contrast to macrophages that can cross-present but cannot cross-
prime, DCs are efficient at both cross-presentation and cross-priming
[27, 102, 158]. Cell types responsible for cross-presentation in vivo have
been extensively studied in mouse models. DCs were always the prime
candidate and their role was formally confirmed in the studies by den
Haan et al. [37], where the authors showed that the CD8" subset of DCs
presents cell-associated antigens to cytotoxic T cells. Further confirma-
tion comes from Jung et al. [95], who have shown that by short-term de-
pletion of CDI11c+ DCs in mice, they could abrogate cross-priming of
CD8™ T cells . However, classification of DCs in mice is complex and not
directly comparable to humans. In humans fewer DC subsets are known
so far [the predominant are myeloid DCs (mDCs), plasmacytoid DCs
(pDCs) and the Langerhans cells], whereas in mice at least six subsets of
DCs have been characterized on the basis of their phenotype [72, 77,
155]. These murine DC subsets display differential and complex capaci-
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ties to cross-present antigens derived from cellular sources vs. immune
complexes (ICs). For example, CD8" DCs but not CD8™ DCs cross-pres-
ent antigens from ovalbumin (OVA)-loaded spleen cells to CD8" T cells
[38]. Furthermore, CD8" DCs also present soluble OVA in vivo to CD8"
T cells but CD8™ DCs preferentially present soluble OVA to CD4" T cells
[38]. However, the efficiency of cross-presentation of cell-associated
antigens is several hundredfold greater than cross-presentation of solu-
ble antigen [116]. Finally, both CD8" and CD8 DCs cross-present im-
mune complexes (ICs) to CD8" T cells. However, only the CD8™ DCs
cross-present ICs to CD4" T cells. The loss of all three FcRs leads to loss
of presentation to CD8" T cells by CD8™ DCs but there is no effect on
CD8" DCs—perhaps because these DCs may acquire ICs via comple-
ment fixation [38]. Another intriguing and open question is whether an-
tigen acquisition in the peripheral tissues and transport to the draining
lymph node can be segregated from the presentation of antigen to T
cells. In support, recent studies by Belz et al. suggest that in addition to
DCs that have migrated from the periphery, the lymph node-resident,
non migrating DCs are responsible for antigen presentation after trans-
fer of antigen from the migrating DCs [19].

Less is known about the role of pDCs in cross-presentation. Although
pDCs are generally more appreciated for the production of type I inter-
ferons, studies by Jung et al [95] cannot exclude their role in cross-prim-
ing (in mice CD11c is expressed by the pDC and the mDC). Interesting-
ly, pDCs lack (mouse) or express low levels (human) of CR3—one of the
primary receptors identified so far that negatively influences DC matu-
ration on apoptotic cell internalization [65, 77, 134, 190, 216]. However,
pDCs might be less specialized for endocytosis compared to mDCs as
cord blood and blood pDC are not very efficient in uptake of proteins
[56, 193] and studies of tonsil or blood human pDC show that they are
not very efficient in endocytosis of latex or dextran beads [65, 199].
They may be better in the transfer of membranes from live, necrotic, or
apoptotic targets, although still less efficient compared to mDCs [199].
Moreover, the profile of expression of cathepsins in human mDC and
pDCs might suggest that they differ in their capacity to process and
present antigens [54]. Indeed, murine pDCs are less potent than mDCs
in assembly of viral peptide-MHC class II complexes after in vivo or in
vitro exposure to virus [104]. In addition, after intravenous injection
into female mice, both CpG-matured male pDCs and mDCs were able to
induce direct CTL priming against the male-specific transplantation an-
tigen. However, contrary to mDCs, CpG-matured male pDC prepulsed
with soluble OVA injected into female animals failed to cross-prime
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OVA-specific CD8" T cells or prime OVA-specific CD4" T cells [167]. Fur-
ther studies are required to determine whether pDCs have a direct role
in cross-priming or whether they promote cross-presentation and cross-
priming ability of “bystander” mDC through production of type I IFN.

4.2
Mechanism of Cross-Presentation

Presentation of exogenous antigens onto MHC class I by APCs occurs by
at least two distinct mechanisms [8, 103, 116, 140, 159]. Antigens de-
rived from various sources, e.g., soluble proteins, ICs, and protein-coat-
ed latex beads, can be conveyed from the endocytic compartment into
the cytosol of APCs. In the cytosol, antigens are degraded into oligopep-
tides and are transported via the transporter associated with antigen
processing (TAP) into the endoplasmatic reticulum (ER) for loading
onto newly synthesized MHC class I molecules [57, 68, 103, 116, 140,
152, 159, 160]. In addition, cell-associated viral antigens also appear to
require TAP for cross-presentation [57, 186]. Alternatively, antigens can
be processed in endosomal compartments where peptides are generated
with participation of cathepsin S, loaded on recycling MHC class I mole-
cules, and transported to the cell surface for presentation [68, 152, 182].
This pathway is TAP-independent and is used by soluble proteins, multi-
branched lysine with attached peptides, and, under some conditions,
proteins chaperoned by HSPs [8, 103, 148].

Recently, it was proposed that the process facilitating cross-presenta-
tion is carried out in a special compartment, an early ER-derived phago-
some [1] that has the characteristics of both the ER and the phagosomes.
After endocytosis exogenous antigens are transported from this com-
partment into the cytosol, possibly via the Sec61 complex, where degra-
dation by proteasomes occurs [1, 80]. The peptides produced by protea-
somes are then transported back via TAP complex into the lumen of this
distinctive compartment, where antigens are finally loaded on MHC
class I molecules [66, 80]. The presence of MHC class I molecules in this
compartment can be explained by a target signal that they bear in their
cytoplasmic domain, which directs them to endosomal compartments
[120]. Conceivably, peptides generated in the cytosol through this mech-
anism could also access MHC class I peptides in the ER. This novel
mechanism has been studied in the cross-presentation of antigen-coated
latex beads by mouse DCs, and involvement of a similar process in
cross-presentation of dying cells by human DCs is plausible [57].
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4.3
Sources of Antigen for Cross-Presentation

In vitro, several forms of antigens can access the exogenous pathway for
MHC class I presentation (reviewed in [106]), including remainders of
dying cells such as apoptotic cells, apoptotic bodies or necrotic cells,
HSPs, DNA- or RNA-encoded antigens, organisms, e.g., bacteria, viruses,
viruslike particles, exosomes, immune complexes, and soluble proteins
[135, 224] and even “bits” of live cells which “are nibbled off” by phago-
cytes [158, 69, 70].

Whereas in vitro data clearly show that apoptotic cells are an impor-
tant source of antigens [3, 105, 107] fewer data are available regarding
their role in vivo. Huang et al. [82] have shown that mouse DC subsets
can acquire apoptotic cells in the intestine and transport the ingested
material to mesenteric lymph nodes. Bevan’s group [37] showed that the
CD8" subset of murine DCs can ingest OVA-loaded cells and prime
OVA-specific T cells. Although not shown, these cells were presumably
dying. Iyoda et al. [90] have confirmed the above studies and state that
the majority of the cells ingested by DCs were apoptotic before injection.
Further confirmation for cross-presentation of apoptotic cells by DCs
comes from Hugues et al. [84]. In their studies, induction of apoptosis of
pancreatic f-cells led to the access of islet antigens to CD11lc" and
CD11b* DCs and induced the development of regulatory CD4" T cells
[84]. Studies by Scheinecker et al. [177] do not address the viability of
cross-presented cells but clearly show that cell-associated antigens are
taken up and processed by CD11c" DCs that in turn migrate to draining
lymph nodes where antigens are recognized by specific T cells. The iden-
tity of the cellular fraction that has the predominant role in cross-prim-
ing of cell-associated antigens (whether these are HSP-associated pro-
teins, native proteins, peptides, or some other component) has only re-
cently begun to be explored. Some answers have come from the group of
Shen and Rock [183], who show that the fully processed peptides are
not a major source for cross-presentation but that rather native proteins
released from the dying cells are taken up by the surrounding APCs.
Partially supporting these observations Norbury et al. [139] demonstra-
ted that proteasomal substrates are the prime form of antigens trans-
ferred from donor to recipient cells. However, the contribution of HSP-
peptide complexes should not be excluded on the basis of these results.
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5
Cross-Priming Versus Cross-Tolerance

Under noninflammatory conditions apoptotic cells serve as a source of
antigen for DCs; however, DCs fail to upregulate MHC and costimulato-
ry molecules [118, 177] but upregulate the chemokine receptor CCR7 as-
sociated with migration to lymph nodes [216]. After uptake of apoptotic
cells in the steady state, DCs reach lymph nodes in an immature state
and are presumably responsible for induction of “cross-tolerance.” The
DCs most probably express some degree of costimulation to sufficiently
activate T cells but not to generate long-term effector and memory cells
[71, 118, 197]. When steady-state conditions are altered, e.g., during in-
fection with pathogens, DCs can undergo activation, present antigens
from dying cells, and prime effector T cells instead. We discuss below
cross-priming to microbial antigens during infection and factors that
might be involved in the switch from tolerance to immunity.

5.1
Cross-Priming to Microbial Antigens

It is unlikely that all microbes are able to infect professional APCs. In
addition, microbial immune escape mechanisms involve abrogation of
presentation on MHC class I molecules but nevertheless efficient long-
term immunity is established, as in the case of cytomegalovirus (CMV)
or herpes simplex virus (HSV) [225]. Therefore, alternative mechanisms
such as cross-presentation are essential for priming of CD8+ T cells at
least in the above-mentioned circumstances. In vitro, antigens of numer-
ous viruses have been shown to be presented via cross-presentation of
dying infected cells (for review see [55]), starting with pioneering stud-
ies on influenza virus by Albert and colleagues [4]. Later, the repertoire
was extended to vaccinia virus [107], human CMV [9, 10, 202], Epstein-
Barr virus [76, 201], HIV-1 [108, 7], canarypox virus [87], HSV [154],
and measles virus [178, 181]. Apoptosis of infected cells is also a prereq-
uisite for cross-presentation of bacteria such as Salmonella [227] or my-
cobacteria [176], whereas some other bacteria such as Klebsiella [93] or
Listeria may utilize different sources of antigens [187, 208, 91]. Interest-
ingly enough, cross-presentation of bacterial antigens not only occurs in
the context of MHC class I molecules but also in the context of CD1b
molecules as shown for the mycobacterial antigens [176]. Bearing in
mind that, in addition to the better-studied viruses, numerous bacteria
and parasites also induce apoptosis of infected cells [122, 220], the list of
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microorganisms to which immune responses develop via cross-presenta-
tion of apoptotic cells is expected to increase substantially.

Although studies by Sigal et al. [185] confirmed that cross-priming to
viral antigens can indeed take place in vivo during infection, the rele-
vance of cross-priming in relation to direct priming in vivo remains an
open question. Yewdell and colleagues [31] have recently shown in a
convincing study that cross-priming indeed plays an important role in
vivo for induction of antiviral immunity. When DCs are directly infected
and infection results in partial apoptosis of the APC, presumably both
direct and cross-presentation will take place. However, when DCs are
not infected or when the infection kills APC rapidly, cross-presentation
would be the prime mechanism for activating T cells. This opinion is to
some extent opposed by studies of Zinkernagel and colleagues [58] in
which the authors claim that in the priming of T cell responses to tumor
and viral antigens, cross-presentation is only of minor importance.

5.2
Factors That Influence the Priming Capability of Dendritic Cells

What factors distinguish the cross-presentation of microbial antigens
that lead to effector cell responses and cross-presentation of self-anti-
gens that induce tolerogenic responses? We consider the state of DCs
during encounter of the antigen to set the stage. To avoid autoimmune
responses, by default DCs do not mature on encounter of apoptotic cells
and therefore immature DCs could induce tolerance [127, 170, 198]. In
contrast, when signs of danger (e.g., infection) are present, DCs undergo
maturation and switch to an active immunostimulatory role [127].

In vitro, several factors defining “danger” were shown to induce mat-
uration and enhance cross-presentation by DCs that have ingested apop-
totic cells [105, 106, 107]. However, in vivo signals responsible for the
switch from tolerance to immunity of apoptotic cells are still poorly
characterized. We would expect that in vivo the final outcome would de-
pend on multiple factors, including stimulation through Toll-like recep-
tors (TLRs), presence of proinflammatory cytokines, engagement of
CD40, and presence and inhibitory activity of antigen-specific regulato-
ry T cells, to name only a few. Below we discuss some of the factors that
might be involved in turning on the cross-priming ability of DCs.
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5.2.1
Microbial Factors

Microbial molecules influence the cross-priming capability of DCs on
several levels. First, molecules derived from pathogens such as dsRNA,
ssRNA, unmethylated CpG containing DNA (CpG DNA), LPS, or pepti-
doglycans, which bind an array of TLRs transmit signals that induce
DCs maturation (reviewed in [97]). Second, certain TLR ligands when
added to culture together with soluble OVA induce cross-presentation by
bone marrow-derived CD11c” CD4~ CD8a~ DCs [35]. The importance
of TLRY in activation of DCs after endocytosis of antigen was implied by
experiments in TLR9-deficient mice in which injection of OVA covalent-
ly linked to CpG DNA induced cross-presentation but not cross-priming
[74]. How stimulatory signals mediated through TLR9, and possibly oth-
er TLRs, combine with signals induced by cell-bound antigen, namely
apoptotic cells, remains to be determined. Studies in DCs and macro-
phages indicate that this mechanism is complex, as the production of
cytokines by these cells when cultured in the presence of apoptotic cells
and TLR ligands, differs from that when they are exposed to either TLR
ligands or apoptotic cells alone [121, 200, 216]. TLR ligation might also
influence the efficiency of phagocytosis of apoptotic cells. Although not
yet shown for DCs, murine macrophages upregulate the expression of
apoptotic cell receptors, e.g., SR-A, Lox-1, and CD36, after triggering of
certain TLRs [44]. Additionally, two groups have shown that ligation of
TLR increases the uptake of antigens [24, 221]. However studies by Blan-
der and Medzhitov [24] demonstrate that while ligation of TLR by bacte-
ria increases their uptake and influences the maturation of phagosomes,
no influence was seen on the uptake and digestion of simultaneously
phagocytosed apoptotic cells. Notably, while uptake of infected apoptot-
ic cells was not studied, the bacteria and uninfected apoptotic cells were
confined to distinct compartments.

Finally, pathogen-derived TLR ligands such as LPS and CpG DNA
were shown to induce DC maturation and overturn the inhibitory capac-
ity of regulatory T cells in vitro, in a costimulatory molecule-indepen-
dent and IL-6-dependent fashion [151]. However, this reversal of the
suppressive effects of regulatory cells in vivo was either not observed
[147] or was shown to require persistent TLR signaling [223]. In their
paper [223], Yang and colleagues compared infection with hemaggluti-
nin (HA)-encoding recombinant virus with injection of TNF-a-matured
and HA-loaded DC in the ability to activate HA-specific CD8" T cells.
Lentiviruses or vaccinia viruses succeeded to break CD8 tolerance and
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to protect against tumoral challenge. DC-based vaccines failed unless
regulatory CD4" T cells were removed, TLR ligand was constantly added,
or mice were concomitantly infected with an irrelevant virus (not en-
coding HA). However, ex vivo TLR-ligand-matured DCs could not break
tolerance and after withdrawal of LPS, the production of proinflamma-
tory cytokines by DCs diminished rapidly [223].

5.2.2
Endogenous Adjuvants

DCs also undergo maturation in the absence of foreign substances. Mas-
sive apoptotic cell death can result in failure of clearance of apoptotic
cells and secondary necrosis [164]. Necrotic, in contrast to apoptotic
cells mature DCs and lead to initiation of immune responses [22, 60,
170]. Several reports have described the endogenous activation of DCs
via engagement of TLRs. Endogenous factors that are released from or
are associated with necrotic cells induce DC activation (reviewed in
[188]). They include immunostimulatory self DNA that binds TLR9 [48],
self ssSRNA that may stimulate TLR7 and TLR8 [41, 73], secondary struc-
tures of mRNA that activate TLR3 [98], HMGB-1 that signals through
TLR2, TLR4 [150], or RAGE [174], and HSPs that stimulate TLR4 [144,
212-214]. HSPs are one of the prime candidates to contribute to conver-
sion of a tolerogenic to a priming signal. They induce innate immune
responses [214], they are released after necrosis, and the amount of ex-
pression correlates with maturation of DCs [192]. In addition, increased
expression of HSPs by apoptotic cells also increases the immunogenicity
of the latter [53]. Interestingly, feverlike thermal conditions enhance
HSP expression on cell membranes and promote DC maturation and the
priming of specific T cells [52, 53]. Recently, uric acid was identified as
another factor associated with cell death and activation of DCs [184]. Fi-
nally, the immune system is alerted to massive cell death not only by fac-
tors released from dying cells, but also by factors emanating from dis-
ruption of tissue architecture, e.g., fibrinogen [189], oligosaccharides of
hyaluronan [204], EDA-containing fibronectin [146], and heparan sul-
fate proteoglycan that stimulate TLR4.

5.2.3
Cytokines in Dendritic Cells’ Milieu

The milieu in which DCs encounter apoptotic cells may regulate their
stimulatory capacity. For example, DCs exposed in vitro to IL-10, TGF-
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B, vascular endothelial growth factor (VEGF), or IL-10 homolog have di-
minished IL-12 production, expression of costimulatory molecules, and
capacity to stimulate T cells [18, 34, 100, 194-196]. These factors can be
produced by macrophages on ingestion of apoptotic cells, by tumor
cells, or by microbes [46, 59, 62, 109, 195]. On the other hand, recogni-
tion of microbes by macrophages and neutrophils results in the produc-
tion of inflammatory cytokines such as TNF-a, IL-6, or IL-1f, which
mature DCs and contribute to their activation and priming capabilities
[115]. For example, Shigella flexneri and Salmonella induce macrophage
apoptosis, activation of caspase 1, and release of IL-1§ and IL-18 [92,
169].

The role of type I IFNs, especially IFN-¢ in cross-priming has also
gained substantial attention. In mice, type I IFNs, secreted either on
TLR9 triggering [32] or viral infection [112], when coadministered with
antigens were shown to be sufficient for cross-priming. IFN-a is pro-
duced in great amounts after interaction of pDCs with virus and not
only influences other cells (e.g., NK cells), but can also induce matura-
tion and perhaps cross-priming by bystander mDCs [56, 112]. Involve-
ment of proinflammatory cytokines in overturning the tolerogenic po-
tential of apoptotic cells has been demonstrated in studies by Zimmer-
mann et al. By using an artificial model of TNF-¢ conjugated to apoptot-
ic melanoma cells they could achieve full maturation of DCs on apoptot-
ic cell ingestion and priming of partially protective CTL responses [228].

5.24
Opsonization of Apoptotic Cells with Antibodies

Sole cross-linking of FcyRI or FcyRII leads to NF-xB translocation and
production of TNF-o by monocytes [45]. In addition, opsonization with
antibodies and targeting FcyR was shown to mediate internalization and
to overcome initial inhibitory effects of apoptotic cells [2]. Ligation of
FcyR also interferes with expression of IL-10-inducible genes [94], show-
ing the importance of this receptor as a “switch” to immunostimulatory
DCs. Defective clearance of apoptotic cells in susceptible individuals was
linked to initiation of autoimmunity (reviewed in [222]). Additionally,
autoreactive antibodies were shown to target self-antigens located in
apoptotic blebs or the chromatin released from apoptotic cells [28, 157,
162]. Apoptotic cells combined with lupus IgG induce generation of im-
mune complexes that contain DNA. These complexes can simultaneously
bind TLRY (with the chromatin part) and the FcR (with the antibody)
on pDC and B cells. Such binding induces IFN-a production by pDC
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[17] and could also further activate B cells ([114] and reviewed in
[218]), resulting in amplified autoimmune responses.

5.2.5
Ligation of CD40

Ligation of CD40 on DCs is one of the better-explored mechanisms that
can override inhibitory effects of apoptotic cells. CD40 interacts with
CD40 ligand (molecule CD154) that is expressed on immune cells such as
activated B and T cells, but also on mononuclear phagocytes and activat-
ed platelets and during an inflammatory response on epithelial cells and
smooth muscle cells among others (reviewed in [156]). Stimulation of
CD40 was shown to override immune unresponsiveness induced by im-
mature DCs [42, 86, 163]. In addition, tolerance induced by dying OVA-
loaded cells in mice was abolished when agonistic anti-CD40 antibody
was coinjected. Studies in mice show that CD40-deficient DCs are only
capable of inducing a transient immune response that is followed by un-
responsiveness to subsequent challenge with the same antigen [78]. A
pivotal role of CD40 is supported by several therapeutic approaches in
which blocking of CD40-CD154 interaction results in silencing of autoim-
mune disease in mouse models and induction of tolerance [12, 81, 119].

6
Concluding Remarks

Apoptotic cell death as a consequence of normal tissue turnover inhibits
DC maturation and leads to tolerance. However, the concurrent presence
of microbes, stress, or massive cell death presumably prevents the inhib-
itory effects of apoptotic cells and leads to DC maturation and induction
of immune responses. Several receptors have already been associated
with inhibition or stimulation of DC maturation. Molecular mechanisms
leading to different outcomes after apoptotic cell ingestion are being
evaluated. In the future, it will be necessary to study the signaling path-
ways triggered and to evaluate the hierarchy and cooperation of signals
transduced via different receptors. This information will lead to new
strategies to develop “tolerogenic” or “immunostimulatory” DCs.
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