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INTRODUCTION (Subject, Purpose, Scope of the Research)

The clinical manifestations of viral infection result from the capacity of viruses to

damage or kill cells in different organs. Two distinct patterns of cell death, necrosis and

apoptosis can be distinguished based on a variety of biochemical and morphological

criteria. Apoptotic cell death is characterized by diminution in cell size, membrane

blebbing, and compaction, margination and fragmentation of nuclear DNA. DNA

fragmentation occurs predominantly at internucleosomal regions resulting in the

generation of pathognomonic DNA 'ladders' when DNA from apoptotic cells is subjected

to agarose gel electrophoresis.

Most apoptotic processes are triggered by the activation of caspases, a family of

cellular cysteinyl proteases. Caspases can be hierarchically ordered into initiator enzymes

which trigger the proteolytic activation of downstream effector enzymes. Effector

caspases in turn act on a variety of cellular substrates to induce the morphological

changes characteristic of apoptosis. Individual initiator caspases are associated with

different cellular organelles involved in extrinsic or intrinsic pathways of cell death. In

the extrinsic pathway, death is mediated by the binding of apoptosis inducing ligands

such as TRAIL, TNF, or FasL to their cognate cell surface "death receptors". This

binding triggers the activation of death-receptor associated initiator caspases including

caspase 8 and 10 through a death-inducing signal complex (DISC). Intrinsic death signals

appear to act predominantly through their effect on either the mitochondrion, or the

Golgi/ER system. Mitochondrial death signals result in the release of a variety of pro-

apoptotic factors including cyctochrome c, AIF, and Smac/DIABLO. Although the

actions of mitochondrial pro-apoptotic factors are diverse, two important pathways
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include apoptosome-mediated activation of the initiator caspase 9 triggered by cytosolic

release of cytochrome c, and potentiation of caspase activity by the inhibition of cellular

inhibitor of apoptosis proteins (LAPs) mediated by their binding to Smac/DIABLO. The

subject and purpose of this research project is to study the cellular mechanisms by which

viruses induce apoptotic cell death.

PROGRESS REPORT

This is the fourth annual progress report on this research project. Seventeen

papers have been published or accepted for publication in 2001-2002 (see Reportable

Outcomes). Reprints of all published papers have been included as an appendix. The

technical reporting requirements for this grant specify that journal publications can be

substituted for detailed descriptions of specific aspects of the research. However,

to facilitate review of this report, we have also briefly summarized the key research

findings in these papers in the text. Reference numbers in text refer to papers listed in

Reportable Outcomes. Accomplishments are reviewed below and keyed to the specific

aims/statement of work (SOW) as outlined in the original research application and

subsequent expansions.

Original SOW 1: Is apoptosis a general feature of human viral encephalitis?

Bringing progress on this aim up to the level of accomplishment achieved on

other components of the SOW was a major priority during this reporting period. We have

two papers in press in Journal of Infectious Disease and Archives of Neurology (13,14)

directly related to this aim, and three additional papers published or in press in Brain

Pathology, Journal of Clinical Virology, and Annals of Neurology (4, 10, 15) related
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to additional studies performed as part of our characterization of this material. We

initially began with studies of apoptosis in brain tissue of patients with herpes simplex

virus (HSV) and cytomegalovirus (CMV) encephalitis (13). These two infections were

initially selected because HSV encephalitis represents the most common cause of severe

sporadic focal encephalitis in the U.S., and CMV encephalitis is the most common

congenital neurological infection in humans. We have shown in both cases that apoptosis

is an important feature of encephalitis caused by these viruses, that it occurs almost

exclusively in area of viral infection, and that it is present only during the acute phase of

infection, and not in long-term survivors of acute infection. Apoptosis could be detected

both in virally infected cells (direct apoptosis) and in uninfected cells in close proximity

to infected cells (bystander apoptosis). We subsequently expanded our studies to examine

apoptosis in brain tissue from patients with progressive multifocal leukoencephalopathy

(PML). PML has become one of the most important opportunistic viral CNS infections,

due largely to its prevalence in patients with AIDS. We found that apoptosis occurred

almost exclusively in JC virus-infected oligodendrocytes at the periphery of

demyelinating lesions in PML. Apoptosis was not detected in the 'bizarre' astrocytes that

are characteristic of PML, nor in neurons. This result is consistent with the fact that JCV

infection in astrocytes is abortive (non-productive) and that the virus fails to infect

neurons. These studies (13, 14) represent the first demonstration that apoptosis occurs in

the CNS in these key human viral encephalitides, and the first demonstration that

apoptosis is an important mechanism of CNS injury in viral infections other than HIV.

An essential prelude to these studies was the accurate characterization of

diagnosis in cases selected for further study. Our experience obtaining and characterizing
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this material lead to two additional publications (4,10) as well as a third study describing

the use of quantitative PCR to categorize different forms of CNS infection caused by

Epstein-Barr virus, a related herpesvirus (15).

Expanded SOW Aim 1.1: Cellular apoptotic pathways activated in human

viral apoptosis.

We have already initiated these studies, which essentially involve

immunohistochemical (IHC) determination of which caspases are activated in brain tissue

inn human HSV and CMV encephalitis. We have shown that activated caspase 3 can be

detected in areas of apoptosis in brain tissues from patients with CMV and HSV

encephalitis, and correlated theses results with detection of apoptosis by TUNEL and the

presence of inflammatory cells (using CD3 as a marker) (13, 14).

Expanded SOW Aim 1.2: Examine apoptotic pathways and the effects of

inhibiting apoptosis in a murine encephalitis model.

In previously reported work supported by this grant we have shown that apoptosis

occurs in the CNS in a murine model of reovirus-induced apoptosis (Oberhaus et al. J.

Virol. 71:2100-2106, 1997). We have also shown that apoptosis in the heart can be

prevented by the administration of calpain inhibitors (1). These studies form the basis for

this expansion of the original SOW. We have now extended our studies of CNS apoptosis

to show that we can detect activated caspase 3 in apoptotic cells in the murine CNS, and

have used co-labeling to correlate infected (antigen positive) and apoptotic cells, and to

identify the predominant apoptotic cell type as neurons (11). Having established the basic

features of this model, we are now testing the effects of treating mice with a cell

permeable pan-caspase inhibitor, and are examining the pathogenesis of reovirus
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encephalitis in caspase 3 deficient mice (courtesy of Dr. Richard Flavell at Yale

University).

Expanded SOW Aim 1.3: Examine changes in gene expression in a murine

model of CNS encephalitis in which apoptotic injury is critical to pathogenesis. In

work supported by this grant, we have used large scale oligonucleotide arrays

(Affymetrix GeneChips) to examine changes in the expression of mRNAs for cell cycle

regulatory genes following reovirus-infected HEK cells (8). We are currently analyzing

changes in expression of mRNAs for apoptosis-related genes. We are also analyzing the

transcription factor requirements for individual virus-regulated genes (see below

Expanded SOW 2.3). We believe that these studies will provide the conceptual

framework for the more complex analysis that is required for the brain tissue studies.

Original SOW 2.0: Is the ceramide/sphingomyelin pathway involved in

reovirus-induced apoptosis? As noted in our previous progress reports this aim was

expanded based on work accomplished to identify cellular pathways involved in reovirus-

induced apoptosis. Accomplishments are now discussed under the expanded SOW

objectives.

Expanded SOW 2.1 & 2.2: Identify cellular pathways leading to the

activation of NF-iB and JNK/c-JUN in reovirus-infected cells.

We have previously shown in work supported by this grant that reovirus infection

is associated with the activation of NF-iB (Connolly et al., J. Virol. 74:2981-2989,

2000). We have recently shown that reovirus infection also leads to the selective

activation of mitogen activated protein kinase pathways including both the ERK and JNK

pathways (5). ERK activation is a transient early event induced by both the prototype

8



reovirus serotype 1 (TiL) and serotype 3 (T3D) strains. By contrast, JNK activation

occurs predominantly with reovirus T3D rather than T1L. We have used reassortant

reoviruses (T1 L x T3D) to identify the reovirus S 1 gene as the primary determinant of the

capacity of reoviruses to activate JNK. We have also shown that JNK activation is

associated with activation of the JNK-dependent transcription factor c-Jun, and that there

is a significant correlation between the capacity of reoviruses to activate the JNK/c-Jun

pathway and their capacity to induce apoptosis (5). We have recently begun to examine

reovirus-induced apoptosis in mouse embryo fibroblasts (MEFs) derived from mice with

targeted gene disruptions in individual JNK isoforms. We have also begun studies of the

effects on apoptosis in both HEK cells and primary neuronal cultures of inhibiting JNK

activation with pharmacologic inhibitors and through use of an adenovirus vector

expressing a DN-c-Jun.

Expanded SOW 2.3: NF-KB and c-Jun regulated genes involved in apoptosis

In collaboration with Dr. Gary Johnson in the UCHSC Department of

Pharmacology and UCHSC Cancer Center and Dr. Irmran Shah in the Bioinformatics

Group of the Gene Expression Core Facility at UCHSC, we are trying to determine

whether we can identify patterns of transcriptional regulation that might provide a

common theme for the induction of genes following reovirus infection. This study

involves (a) identifying all genes up-regulated following reovirus infection in HEK cells

(done), (b) using GenBank (www.ncbi.nlm.nih..qov) and other sources to obtain -1000 kb of

nucleotide sequence upstream of the initial start codon of these reovirus-regulated genes

(done), (c) using TRANSFAC (http://transfac.qbf.de/TRANSFAC) a transcription factor

database, and TRANSPATH (http://193.175.244.148/) a signal transduction pathway
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database and other databases containing information about promoter binding sequences to

identify the pattern and order of transcription factor binding sites in genes up-regulated

following reovirus infection compared to non-altered control genes (in progress). These

studies when completed should enable us to identify key transcription factor motifs

involved in reovirus-induced alterations in host cell gene expression.

Expanded SOW 2.4: Identify the role of the mitochondrion in reovirius-

induced apoptosis. We have recently shown that reovirus infection in HEK cells is

associated with release of mitochondrial pro-apoptotic factors including cytochrome c (9)

and Smac/DIABLO (12). Cytochrome c forms part of the apoptosome involved in

activation of the mitochondrial-related initiator caspase, caspase 9. We have also shown

that caspase 9 is activated following reovirus infection (9, 12). Cytochrome c is not the

only mitochondrial pro-apoptotic factor release following reovirus infection. We have

recently shown that infection is also associated with the release of Smac/DIABLO. This

protein facilitates apoptosis by binding to cellular inhibitor of apoptosis (lAP) proteins

that act to inhibit caspase activation. Binding of Smac/DIABLO to IAPs prevents their

inhibition of caspase activity, thereby augmenting apoptosis. We have shown that,

consistent with the release of Smac/DIABLO, reovirus infection is associated with a

selective down-regulation of specific cellular IAPs including XIAP, cIAP1, and survivin

(12). We have also shown, using cells expressing a dominant negative form of caspase 9,

that is likely Smac/DIABLO mediated events rather than caspase 9 activation that plays a

critical role in augmenting reovirus-induced apoptosis. We have also shown, using cells

stably expressing Bcl-2, that in HEK cells mitochondrial augmentation is critical for the

full expression of reovirus-induced apoptosis. Apoptosis is dramatically inhibited in cells
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expressing Bcl-2, and this inhibition is associated with reduction in the release of

mitochondrial pro-apoptotic factors including cytochrome c and Smac/DIABLO and in

inhibition of associated downstream events including caspase 9 activation and down-

regulation of LAPs (9, 12).

Interestingly, our studies of reovirus-induced apoptosis in primary neuronal

cultures suggest that mitochondrial pathways may be less important in these cells then in

non-neuronal cells (see below, Expanded SOW 3.1) (11).

Expanded SOW 2.5: Identify the mechanism by which reovirus infection

sensitizes cells to killing by TRAIL. We have previously shown in work supported by

this grant, that reovirus-induced apoptosis in non-neuronal cells involves the apoptosis-

inducing ligand TRAIL and its associated death receptors, DR4 and DR5 (Clarke et al., J

Virol 74:8135-8139, 2000). We have recently extended these observations to show that

reovirus-induced killing of a wide variety of human cervical, breast, and lung cancer

derived cell lines is due to apoptosis, and is also mediated by TRAIL (6). Reovirus

infection and TRAIL act synergistically to induce apoptosis, and reovirus infection

sensitizes cells to killing by TRAIL. As part of these studies we have established that up-

regulation of both caspase 8 and activation of the transcription-factor NF-icB are required

for this process (6,7). We are currently in the process of investigating the mechanism for

the increased activity, including investigation of the levels of cellular IAPs (whose down-

regulation could enhance caspase 8 activity), and the potential role of mitochondrial

factors in this process.

Original SOW 3.0: Is reovirus apoptosis associated with aberrant regulation

of cell cycle progression and does this dysregulation occur in post-mitotic neurons?
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We have previously shown in work supported by this grant that reovirus infection

is associated with dysregulation of cell cycle, and the induction of G2/M cell cycle arrest

(Poggioli et al., J. Virol. 74:9562-9570, 2000). We have recently expanded these studies

by investigating the effects of reovirus infection on key G2/M checkpoint regulatory

kinases. We have shown that infection is associated with inhibition of the G2/M

checkpoint kinase p3 4cdc2, and that this in turn may result from up-regulation of p3 4 cdc2

kinases including chkl and weel, and inhibition of the activity of the p3 4cdc2

phosphatase, CDC25C (3). We have also used oligonucleotide microarrays to identify

the set of genes involved in cell cycle regulation whose expression is either up- or down-

regulated following reovirus infection (8) (see Expanded SOW 1.3). The studies

supported by this grant have now made reovirus-induced cell G2/M arrest one of the best

characterized models of virus-induced cell cycle perturbation.

Expanded SOW 3.1: Evaluate apoptotic pathways in both primary and

continuous neuronal cell lines.

We have examined apoptotic pathways activated following reovirus infection in

both mouse neuroblastoma (NB41A3) and primary cortical neuronal cultures (11). The

pathways we have identified to date in neuronal cultures are similar too but not identical

to those we have identified in non-neuronal cells (see above and refs. 9, 12). In Both

neurons and non-neuronal cultures apoptosis involves cell surface death receptors.

However, in neurons, in contrast to HEK cells, we have evidence that both TNF and FasL

in addition to TRAIL may play a role in apoptosis (11). In all cell types examined to date,

infection is followed by caspase 8 activation which can be detected using antibodies

specific for the activated form of caspase 8 (11). In HEK cells, mitochondrial pro-
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apoptotic factors play a critical role in augmenting death-receptor initiated apoptosis (see

ref. 9, 12). By contrast, in neurons release of mitochondrial cytochrome c into the

cytoplasm occurs only at low levels at late times following infection (11). Consistent

with this result, caspase 9 activation occurs at only low levels, and peptide inhibitors with

relative specificity for caspase 9 (Ac-LEHD-CHO) are less effective then caspase 8 (Ac-

IETD-CHO), caspase 3 (Ac-DEVD-CHO), or pan-caspase inhibitors (Ac-ZVAD-CHO)

in blocking reovirus-induced neuronal apoptosis.

Expanded SOW 3.2: Identify the role of reovirus als protein in reovirus-induced

cell cycle dysregulation.

We have recently found that the reovirus a ls protein contains a classical nuclear

localization signal (NLS). We have created a plasmid that allows for expression of CYl s

coupled both to green fluorescent protein (GFP) and to the protein pyruvate kinase (PK).

Because its size exceeds the limits for passive diffusion into the nucleus, the transfected

fusion protein GFP-PK does not enter the nucleus unless it is actively transported. We

have shown that coupling the crl s protein to this construct (a I s-GFP-PK) allows for

nuclear transport, establishing that a l s contains a functional NLS. We have subsequently

generated a construct in which the putative al s NLS, encompassing a highly arginine and

lysine (KR) rich set of amino acids at positions #14-21, has been deleted. The resulting

construct UlSANLS-GF-PK) is no longer transported to the nucleus. This indicates that

region of al s between AAs 14-21 is necessary for the nuclear localization of al s.

The al s protein also contains a putative nuclear export sequence (NES)

encompassing AAs 75-84. We have recently created a deletion encompassing this region.

Initial studies suggest that the aY I SANES-GFP-PK construct remains localized to the
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nucleus of transfected cells, suggesting that the NES in cyl s, like the NLS, is functional.

Studies are currently underway to identify the nuclear import and export proteins

and mechanisms utilized by cls. Studies are also underway to transfect cells with o1s-

GFP, identify and sort transfected cells by FACS based on their expression of GFP, and

then analyze specific biological perturbations such as cell cycle arrest in this population

of cells.

Reviews covering work encompassed in many parts of the SOW have been

published or are currently in press in Trends in Microbiology (2), Virology (16) and

Apoptosis (17).

KEY RESEARCH ACCOMPLISHMENTS:

SOW 1

*Apoptosis is an important feature of CNS injury in human CNS viral infections

including herpes simplex virus and cytomegalovirus encephalitis and progressive

multifocal leukoencephalopathy (PML).

*Apoptosis in human CNS viral infections is associated with activation of caspase 3

*Apoptosis is a major feature of reovirus-induced encephalitis in mice, and is associated

with activation of caspase 3. Apoptosis occurs predominantly in neurons, both those that

are virus-infected (direct apoptosis) and in cells in proximity to infected cells (bystander

apoptosis).

*Apoptosis is a major mechanism of myocardial injury in an in vivo model of viral

myocarditis, is associated with calpain activation, and can be inhibited by treatment of
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mice with calpain inhibitor.

SOW 2

*Reovirus infection results in selective activation of mitogen associated protein kinase

(MAPK) pathways including the extracellular related kinase (ERK) and c-Jun-N-terminal

kinase (JNK) pathways.

* Reovirus activation of JNK is associated with downstream activation of the JNK-

dependent transcription factor c-Jun, and this activation correlates with the capacity of

viral strains to induce apoptosis.

*Differences in the capacity of reovirus strains to activate JNK are determined by the

viral S1 gene.

*Reovirus-induced apoptosis in non-neuronal cells is initiated by death-receptor

activation, but requires augmentation by mitochondrial apoptotic pathways for its full

expression.

*Reovirus-induced activation of caspase 8 results in the cleavage of the Bcl-2 family

protein Bid, and cleaved Bid translocates to the mitochondrion and activates

mitochondrial apoptotic pathways.

*Mitochondrial pro-apoptotic factors released following reovirus infection include both

cytochrome c and Smac/DJABLO but not apoptosis inducing factor (AIF).

*Activation of mitochondrial apoptotic pathways is associated with the subsequent down-

regulation of cellular IAPs including XIAP, cIAP 1, and survivin and this down-

regulation is blocked by stable over-expression of Bcl-2 or DN-FADD.

*Reovirus-induced oncolysis of human cervical, breast, and lung cancer cell lines results

from apoptosis induction and is mediated by the apoptosis-inducing ligand TRAIL.
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* Reovirus infection can sensitize cancer kills to killing by TRAIL, and this process

involves up-regulation of the death-receptor associated initiator caspase, caspase 8.

*TRAIL induced killing of cancer cell lines involves down-regulation of cellular

inhibitor of apoptosis proteins (IAPs).

SOW 3

*Reovirus-induced inhibition of cell cycle regulation and induction of G2/M arrest is

mediated by the a 1 s protein and is associated with inhibition of the key G2/M regulatory

kinase p34cdc.

*Reovirus infection results in the selective up-regulation of specific sets of genes

involved in the control and regulation of cell cycle progression.

*Reovirus a is protein contains functional nuclear localization and nuclear export

sequences.

*Reovirus induced apoptosis in neurons involves pathways that are similar to but not

identical with those identified in non-neuronal cells. Although both pathways involve

death-receptors, release of mitochondrial pro-apoptotic pathways appears to be a later and

less robust feature of neuronal apoptosis compared to apoptosis in non-neuronal cells.

REPORTABLE OUTCOMES

Publications (Papers marked with an * are included in the appendix. Other

papers listed have been accepted for publication but are currently in manuscript

rather than page proof form. Copies of page proofs or reprints of these papers will

be included in subsequent annual reports, but can be provided earlier upon

request.)
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CONCLUSIONS

Due in significant part to support provided by this grant, reoviruses have become

one of the best understood models of virus-induced apoptosis. Viral genes and proteins

involved in induction of apoptosis have been identified. The caspase activation pathways

involved in apoptosis have been defined in both neuronal and non-neuronal cells, as has

the role of specific mitochondrial pro-apoptotic factors. The capacity of the virus to

activate specific MAPK cascades and their associated transcription factors has been

characterized, and studies are currently underway to establish the entire network of genes

that are up-regulated following viral infection. The importance of apoptosis in a variety

of in vivo models of infection including encephalitis and myocarditis has been

established, and studies are currently underway to determine whether key apoptotic
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pathways identified in vitro are also active in vivo. Targeted interventions that modulate

apoptosis and enhance cell survival in vitro are being tested for efficacy as novel anti-

viral strategies in vivo. The importance of apoptosis as a mechanism of CNS injury has

also been established in a variety of key human viral infections, providing added

significance to its study in both cell culture and experimental models of infection.
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Viral myocarditis is an important cause of human morbidity and mortality for which reliable and effective
therapy is lacking. Using reovirus strain 8B infection of neonatal mice, a well-characterized experimental
model of direct virus-induced myocarditis, we now demonstrate that myocardial injury results from apoptosis.
Proteases play a critical role as effectors of apoptosis. The activity of the cysteine protease calpain increases
in reovirus-infected myocardiocytes and can be inhibited by the dipeptide alpha-ketoamide calpain inhibitor
Z-Leu-aminobutyric acid-CONH(CH12)3-morpholine (CX295). Treatment of reovirus-infected neonatal mice
with CX295 protects them against reovirus myocarditis as documented by (i) a dramatic reduction in his-
topathologic evidence of myocardial injury, (ii) complete inhibition of apoptotic myocardial cell death as
identified by terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling, (iii) a reduction in
serum creatine phosphokinase, and (iv) improved weight gain. These findings are the first evidence for the
importance of a calpain-associated pathway of apoptotic cell death in viral disease. Inhibition of apoptotic
signaling pathways may be an effective strategy for the treatment of viral disease in general and viral
myocarditis in particular.

The mechanisms by which viruses produce cytopathic effects 69). Apoptosis also occurs following reovirus infection in vivo
in their host cells are not well understood. Such knowledge is and colocalizes with areas of pathologic injury (38, 39). This
essential to an understanding of viral pathogenesis and devel- finding suggests that apoptosis is an important mechanism of
opment of novel antiviral therapies. Apoptosis is a mechanism tissue damage in reoviral infection.
of active cell death distinct from necrosis, characterized by Reovirus strain 8B is a reassortant reovirus that efficiently
DNA fragmentation, cell shrinkage, and membrane blebbing produces myocarditis in infected neonatal mice (55, 58). Dam-
without rupture (26). Apoptosis plays a critical role in many age has been shown to be a direct effect of viral infection of
physiologic (28, 74), as well as infectious and noninfectious, myocardiocytes (60). This damage differs from that of several
pathologic conditions (72). Viruses may either promote or other models of viral myocarditis (such as coxsackievirus and
inhibit apoptosis as a strategy to maximize pathogenicity in murine cytomegalovirus) in which secondarv inflammatory rc-
their hosts (40, 54, 67). Several viruses, including adenovirus, sponses, or lymphocyte recognition of viral or sell-antigens on
poxviruses, herpesviruses, and human papillomavirus, prolifer- myocardial cells, may be the predominant cause of cardiac
ate and evade host immune responses by interfering with pro- damage (12, 17, 20, 30, 46). SCID mice infected with reovirus
grammed cell death (1, 19, 31, 68). Many other viruses, such as 8B develop myocarditis, and passive transfer of reovirus-spe-
human immunodeficiency virus, human T-cell leukemia virus, cific immune cells is protective, rather than harmful, to 8B-
influenza virus, measles virus, rubella virus, poliovirus, human infected mice (58, 60). This finding indicates that immune
herpesvirus 6, Sindbis virus, and reoviruses, cause cytopathic mechanisms contribute to amelioration rather than induction
effect by induction of apoptosis in their target cells (11, 14, of reovirus-induced viral injury (60). However, the mechanism
21-23, 34, 40, 42, 50, 70). by which direct myocardial injury occurs is not well character-

We have used reovirus-induced apoptosis as an experimen- ized. Since tissue damage occurs by apoptosis in other in vivo
tal model system to study the viral and cellular mechanisms models of reoviral infection (38), and apoptosis has been sug-
involved in apoptotic cell death (39). Reoviruses are nonen- gested in some models of viral myocarditis (6, 25), we wished
veloped viruses that contain a genome of segmented, double- to determine if reoviral myocarditis occurs as a result of apo-
stranded RNA. Infection of cultured fibroblasts and epithelial ptotic cell injury and, if so, whether manipulation of known
cells with reoviruses induces apoptosis. Reoviral strains differ signaling pathways preceding apoptosis is protective.
in the efficiencies with which they induce this cellular response, Protease cascades appear to play critical roles as effectors of
and these differences are determined by the viral S1 gene (44, apoptosis, as with the cysteine proteases caspases and calpain

(10, 32, 41, 62, 79). Caspases are the most extensively investi-
Corresponding agated members of this class of protease and have been impli-* Crreponingauthor. Mailing address: Department of Neurology cated in a wide variety of apoptotic models. However, the role

(B4182), University of Colorado Health Sciences Center, 4200 E. 9th
Ave., Denver, CO 80262. Phone: (303) 393-2874. Fax: (303) 393-4686. of calpain in apoptosis has been recognized recently. Calpain is
E-mail: Ken.Tyler@UCHSC.edu. a calcium-dependent neutral cysteine protease that is ubiqui-
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tous in the cytosols of many cell types (35, 63). Calpains have 37'C. Biotinylated goat anti-rabbit antibody was used as the secondary antiscrum

recently been implicated in several models of apoptosis, in- (1:200 dilution in 2% normal goat serum) for 30 min at 37'C. Sections were

cluding dexamethasone-induced thymocyte apoptosis (65), probed and visualized as noted above.
Calpain activity in myocytes. The determination of the presence of calpain-

neuronal cell apoptosis (36), neutrophil apoptosis (64), isch- specific spectrin (fodrin) breakdown products (150- and 145-kDa doublet) by
emia-induced rat liver apoptosis (27, 61), myonuclear apopto- immunoblotting was used as an assay of calpain activity (36). Mouse primary

sis in limb-girdle dystrophy (3), and chemical hypoxia-induced cardiac myocyte cultures were prepared as previously described (5). Cells were

apoptosis of rat myocytes (8). We have recently shown that plated at 1.6 X 10' cells/well in 24-well plates and incubated for 48 h. Cells were

reovirus-induced apoptosis in vitro is preceded by increased then infected with reovirus strain 8B (multiplicity of infection [MOI], 20, in
Dulbecco modified Eagle medium [DMEM]) or mock infected (DMEM) andcellular calpain activity and is inhibited by two classes of cal- then incubated at 37°C. Mock-infected cells were harvested at 48 h. 8B-infected

pain inhibitors (13). cells were harvested at 24, 48, and 72 h postinfection. Cell lysates were prepared

We now show that reovirus 8B-induced myocarditis occurs by sonication in lysis buffer (15 mM Tris [pH 7.4], 10 mM EDTA, 0.1% NP-40,

by apoptosis. Calpain activity increases in cardiomyocytes fol- 20% glycerol, 50 mM R-mercaptoethanol, 50 jig of pepstatin per ml, 100 jig of

lowing infection with reovirus 8B3, and calpain inhibition re- leupeptin per ml, 1 mM phenylmethylsulfonyl fluoride), and the cytoplasmic
fractions were run on a 7.5% polyacrylamide gel. Protein loading for these gels

duces myocardial injury and morbidity in infected mice. This is (25 l.,g/well) was normalized by protein concentration analysis of cell lysates.

evidence that interference with apoptotic signaling pathways Following transfer (15 V overnight), the nitrocellulose membrane was blocked in

may prove of benefit as a therapeutic strategy in the treatment 5% nonfat dried milk-Tris normal saline for 2 h, probed with anti-fodrin mouse
of viral infection in general and viral myocarditis in particular. monoclonal antibody (ICN) at a dilution of 1:1,000 for 1.5 h, and then washed.

Membranes were then incubated in anti-mouse immunoglobulin G horseradish

peroxidase-linked whole antibody (Amersham) at a dilution of 1:1,(000. as the
MATERIALS AND METHODS secondary antibody. After the membranes were washed. ECL Plus (Amersham)

was used for detection.
Virus. Reovirus 8B is an efficiently myocarditie reovirus that has been previ. In additional experiments, primary cardiac myocytes were infected with 8B

ously characterized (58). 8B stocks were subjected to plaque assay three times reovirus (using the method described above) with and without pretreatment in
and passaged twice in mouse L cells prior to use. CX295 (100 ftM). Cell lysates were prepared and analyzed for calpain activity by

Mice. Swiss-Webster (Taconic) mouse litters were housed in individual filter- immunoblotting as described' above.
topped cages in an American Association for Laboratory Animal Care-accred- Specificity of the calpain inhibitor CX295. Z-Lcu-aminobutyric acid-
ited animal facility. All animal procedures were performed under protocols CONH(CH2 )3-morpholine (CX295) is a dipeptide alpha-kctoamidc compo•und
approved by the appropriate institutional committees. which inhibits calpain at tlse active site (kindly provided by Gary Rogers at

Mouse inoculations. Two-day-old Swiss-Webster (Taconic) mice were intra- Cortex Pharmaceuticals, Inc.). To determine the efficacy of CX295 as a calpain
muscularly inoculated with 1,000 PFU of 8B reovirus in the left hind limb (

20
-fj.I inhibitor, 10 Rg of purified .i-calpain (porcine RBC; Calbiochem) was added to

volume). Mock-infected mice received gel saline vehicle inoculation (equal vol- the preferred fluorogenic calpain substrate sucrose-Leu-Tyr-amino-methyl-cou-
ume) (137 mM NaCI, 0.2 mM CaCI2, 0.8 mM MgCI2 , 19 mM H3BO3, 0.1 mM marin (SLY-AMC) in the presence and absence of CX295 (100 aM), as well as
Na2BaO7 , 0.3% gelatin). in the presence of the pan-caspase inhibitor Z-D-DCB (100 fiM). The calpain

Histologic analysis. At 7 days postinfection, mice were sacrificed and hearts assay was performed as previously described (16). Proteolytic hydrolysis of the
were immediately immersed in 10% buffered formalin solution. After being substrate by purified calpain liberates the highly fluorescent AMC moiety. Flu-
mounted as transverse sections, hearts were embedded in paraffin and sectioned orescence at a 380-nm excitation and 460-nm emission was quantified with a
to 6 ltm in thickness. For quantification of degree of myocardial injury, hema- Hitachi F2000 speetrophotomcter. An AMC standard curve was determined for
toxylin- and cosin-stained midcardiac sections (at least six per heart) were ex- each experiment. Calpain activity was expressed in picomoles of AMC released
amined at a X125 magnification by light microscopy and scored blindly. Scoring perint. cubain tivt was expres in pic loAM ra
was performed using a previously validated system (58), with scores ranging from per minute of incubation time per microgram of purified calpain.
0 to 4 (0, no lesions; 1, one or a few small lesions; 2, many small or a few large To de te the sefiofX5s alpaininhibitor, 1 n urife
lesions; 3, multiple small and large lesions; and 4, massive lesions). Twenty-three caspase 3 (Upstate) was added to the preferred fluorogenic caspase-3 substrate
to 24 mice were scored from each group. DEVD-AMC in the presence and absence of the pan-caspase inhibitor Z-D-DCBDNA fragmentation. The presence of internucleosomal DNA cleavage in (100 tM), as well as CX295 (100 [iM). In addition, 57 ng of purified caspase-I

myocardial tissue was investigated by phenol-chloroform extraction of DNAs (provided by Nancy Thornberry, Merck) was added to the preferred fluorogenic

from 8B-infected and mock-infected hearts and precipitation in 95% ethyl alco- caspase-1 substrate YVAD-AMC in the presence and absence of Z-D-DCB, as

hol. The DNA was then end labeled with 5 lCi of ["
2
P]dGTP using 10 U of well as CX295. The caspase activity assay was performed as previously described

terminal transferase (M187; Promega Corporation), resolved by electrophoresis (16). Caspase activity was expressed as picomoles of AMC released per minute
on a 2% agarose gel, fixed in 5% acetic acid-5% methanol, dried, and scanned of incubation time per nanogram of purified caspase. Experiments were all

on a Instant Imager (Packard Instrument Company). performed in triplicate.
TUNEL. Evaluation of fragmented DNA was performed by terminal de- Calpain inhibition in vivo. For calpain inhibition experiments, animals re-

oxynucleotidyltransferase (TdT)-mediated dUTP-biotin nick end labeling ceived daily intraperitoneal injections of either active CX295 (70 mg/kg of body
(TUNEL), as previously described (38). Paraffin-embedded cardiac midscetions weight in a 50-jal volume) or its inactive saline diluent. The first dose was given
were prepared by removing paraffin with xylene and then rehydrating them in 30 min prior to infection with 8B virus. A total of six doses were given, at 24-h
100, 95, and then 70% ethanol solutions. After digestion in proteinase K solution intervals. Mice were sacrificed at 7 days postinfection.
(Boebringer Mannheim) for 30 min at 37°C, slides were pretreated in 0.3% H202 Viral titer determination. Injected hind limbs and whole hearts were placed in
in phosphate-buffered saline for 15 min at room temperature and then washed. 1 ml of gel saline and immediately frozen at -70'C. After three freeze (- 70'C)-
The TdT labeling reaction was carried out under coverslips in a humidified thaw (37°C) cycles, the tissues were sonicated approximately 15 to 30 s by using
chamber for 1 h at 37°C with TdT and digoxigenin ll-dUTP. (Boehringer a microtip probe (Heat Systems model XL2020) until a homogenous solution
Mannheim). The reaction was stopped with SSC (lx SSC is 0.15 M NaCI plus was obtained. The virus suspensions were serially diluted in Ill-fold steps is gel
0.015 M sodium citrate) buffer. After being blocked in 2% bovine serum albumin saline and placed in duplicate on L-cell monolayers for plaque assay, as previ-
for 10 min, sections were probed with Vectastain ABC (avidin DH and biotin- ously described (13). Virus titers were expressed as logo PFU per milliliter.
ylated enzyme; Vector Laboratories) for 1 h at room temperature, and then Serum CPK. Following decapitation of mice, whole blood was collected from
visualized with a diaminobenzadine peroxidase substrate kit (Vector Laborato- individual mice into plasma separator tubes with lithium heparin to prevent
ries). Negative and positive controls were used with all reactions, coagulation (Microtainer; Becton Dickinson). Samples were collected from 88-

Viral-antigen stain. Cardiac midsections were prepared as noted above. Fol- infected mice treated with CX295 (n = 20), 8B-infected mice treated with the
lowing the hydrogen peroxide incubation, slides were blocked in 2% normal goat inactive diluent (n = 20), and uninfected age-matched controls (n = 9). Serum
serum for 30 min at room temperature. Sections were then incubated in rabbit creatine phosphokinase (CPK) measurements were performed by the University
polyclonal anti-reovirus type 3 Dearing antiserum as the primary antibody (gift of Colorado Health Sciences Center Clinical Laboratory and were expressed as
of Terence Dermody, Vanderbilt University) at a dilution of 1:1,000 for 1 h at units per liter.
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FIG. 1. Consecutive cardiac midsections from mock-infected (A, C, and E) and reovirus 8B-infected (B, D, and F) neonatal mice 7 days afterleft hind limb inoculation with 1,000 PFU of strain 8B reovirus or mock inoculation. H-ematoxylin- and eosin-stained tissue reveals markeddisruption of myocardial architecture in the 8B-infected heart (B) compared to that in the mock-infected heart (A). Despite the degree of injury,there is minimal inflammatory cell infiltrate. The degree of cellularity seen in both mock-infected and infected hearts is normal for neonatal mice.In situ detection of DNA nick ends by TUNEL revealed positively staining nuclei in the same region of an injured 8B-infected heart (D), whichare absent in a mock-infected animal (C). Immunohistochemistry with anti-type 3 Dearing reovirus antibody reveals the presence of viral antigenin the areas of myocardial injury in the 8B-infected mouse (F), absent in the mock-infected animal (E). Original magnification, ×25.

Growth. Mice were infected with 10 PFU of 8B reovirus. Infected drug-treated experiments, weights were also compared to thosc of normal age-matched us-(n =15) and infected control (n 15) mice were weighed daily on days 0 to 14 infected mice.postinfection. Additional experiments using a higher dose of virus (1,000 PFU) Statistics. The results of all experiments arc reported as means + standardwere also completed, with daily weighing on days 0 to 7 postinfeetion. In these errors of the means. Means were compared using parametric two-tailed ttests
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FIG. 2. DNA laddering in 8B-infected-neonatal-mouse hearts.
DNA was extracted from reovirus 8B-infected and mock-infected a
hearts and detected by end-labeling analysis. DNA from the heart of a 24 bows 481uu, 72 bows
representative 813-infected mouse (lane 2) is fragmented into oligonu- ?&ck i*cte _______________

cleosomal-length pieces. These fragments result from intemucleoso- Virus-iWeclf d
mal DNA cleavage, a hallmark of apoptosis. (Arrowheads indicate
DNA fragments, ranging in length from 200 to 1,000 bp). Fragmenta- FIG. 3. Calpain activity in a reovirus-infected primary cardiac myo-
tion is absent in the mock-infected animal (lane 1). cyte culture. (A) Activity was measured by monitoring proteolysis of

spectrin (280 kDa), a preferred calpain substrate, to its calpain-specific
breakdown products (150- to 145-kDa doublet) by immunoblot assay.
Lysates of 8B-infected cardiomyocytes (MOI, 20) were prepared at 24,

(Graph Pad; Prism), and differences were considered significant if P values were 48, and 72 h postinfection and compared to lysates of mock-infected
<0.05. cells at 48 h postinfection (experiments with all conditions were per-

formed in duplicate). Compared to that of mock-infected mice, 8B-
RESULTS infected mice had increased calpain activity (150- to 145-kDa doublet)

beginning at 24 h postinfection, which was markedly increased at 48 h
(i) Reovirus 8B induces myocardial injury by apoptosis. postinfection and still present, but decreasing, at 72 h postinfection.

Mice were inoculated intramuscularly into the hind limb with No change was detectable in the intact (280-kDa) spectrin band fol-
either 1,000 PFU of strain 8B reovirus or gel saline (mock lowing infection. (B) Densitometric analysis of calpain-specific spec-

trin breakdown products (150- to 145-kDa doublet) reveals a peak
infection). At 7 days postinfection, mice were sacrificed and fourfold increase in calpain activity following infection with 8B reovi-
transverse cardiac sections were prepared for histologic eval- rus.
uation. In the 8B-infected hearts, there was marked myocardial
disruption and diffuse edema (Fig. 1B). Numerous pyknotic
nuclei and apoptotic bodies were present (Fig. 1B; see also Fig. (ii) Calpain is activated in 8B-infected murine cardiac myo-
5E). Despite the degree of myocardial injury, only rare mono- cytes. We have previously shown that reovirus infection in
nuclear cells (predominantly macrophages) and neutrophils L929 cells results in increased calpain activity, which precedes
were present. Myocardial disruption and edema were not seen apoptosis (13). We wished to determine whether calpain ac-
in mock-infected hearts (Fig. 1A). Extensive areas of apoptotic tivity was also increased in myocardial cells following reovirus
TUNEL-positive nuclei were noted in the 8B-infected hearts infection. Proteolysis of spectrin (fodrin), a preferred calpain
(Fig. 1D), which correlated with the areas of histologic abnor- substrate, was examined as an indication of calpain activation.
mality described above. Mock-infected hearts were TUNEL Intact spectrin (280 kDa) is degraded by calpain, resulting in a
negative (Fig. IC). Large regions of reovirus antigen-positive characteristic spectrin breakdown product doublet seen at 150
tissue were noted in the 8B-infected hearts (Fig. IF) and oc- and 145 kDa. Mouse primary cardiac myocyte cultures were
curred in the same distribution as the areas of histologic injury infected with reovirus strain 8B (MOI, 20) or mock infected.
and TUNEL-positive cells. Lysates were prepared after harvesting of cells at 24, 48, and

In order to provide further confirmation that the morpho- 72 h postinfection. Western blot analysis of these cytoplasmic
logical changes seen in virus-infected hearts were indeed due fractions revealed increased calpain activity following 8B in-
to apoptosis, DNAs were extracted from 8B-infected and fection compared to that of mock-infected cytoplasmic frac-
mock-infected hearts, end labeled, and analyzed by agarose gel tions. This increase was first detectable at 24 h, reached max-
electrophoreses. DNAs from infected hearts, but not mock- imal intensity by 48 h, and was still present at 72 h postinfection
infected controls, showed fragmentation into oligonucleoso- (Fig. 3A). Densitometric analysis of calpain-specific break-
mal-length ladders, characteristic of apoptosis (Fig. 2). Taken down products revealed a peak fourfold increase in calpain
together, these findings indicate that reovirus-induced myocar- activity following virus infection (Fig. 3B). Caspase degrada-
dial injury is due to apoptosis. tion of spectrin results in breakdown products at 120 kDa,
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FIG. 4. Efficacy and specificity of the calpain inhibitor CX295. The effects of the calpain inhibitor CX295 on purified calpain (A), caspase 3 (B),
and caspase 1 (C) activity were evaluated using a fluorogenic substrate assay, in which SLY-AMC, DEVD-AMC, and YVAD-AMC, respectively.
served as substrates. Activities are expressed as purified calpain or caspase activity per minute, per micromole or picomole of substrate. One
hundred micro-molar CX295 significantly inhibited calpain activity (the asterisk indicates a P of <0.0001) (A) but had minimal effect on caspase
3 or caspase 1 activity. Z-D-DCB, a pan-caspase inhibitor, was used as a control. Z-D-DCB had no effect on calpain activity but nearly completely
inhibited caspase 3 and 1 activities (B and C). CX295 also effectively inhibited calpain activity in 8B-infected cardiomyocytes in vitro (D). Calpain
activity (measured by densitometric analysis of the 150- to 145-kDa calpain-specific fodrin degradation product) increased by 2.4-fold in
8B-infected cardiomyocytes compared to that in mock-infected cardiomyocytes. Calpain activity was significantly reduced in CX295-treated,
8B-infected cells compared to that in infected, untreated cells (P = 0.04). (The 150- to 145-kDa doublet appears as a single large band due to the
gel conditions.)

which were not observed in this experiment. These data dem- pmol/min/[Lg in the presence of CX295 (P < 0.0001). Neither
onstrate that an increase in calpain activity occurs following the diluent nor Z-D-DCB controls had appreciable effect on
infection of myocardiocytes with reovirus strain 8B, in a time calpain activity.
course that parallels the onset of apoptosis. To further confirm that CX295 is a specific calpain inhibitor

(iii) CX295 is an effective calpain inhibitor and does not and does not inhibit caspases, the activities of purified caspase
appreciably inhibit caspases. Based on our findings that (i) 1 and caspase 3 were monitored in the presence and absence of
8B-induced myocarditis is due to apoptosis, (ii) calpain is ac- CX295, as well as in the presence of the known pan-caspase
tivated in 8B-infected myocardiocytes, and (iii) inhibition of inhibitor Z-D-DCB (positive control). CX295 had a minimal
calpain activation inhibits reovirus-induced apoptosis in vitro, inhibitory effect on either caspase 1 or caspase 3 activity (mea-

we wished to determine if calpain inhibition could prevent sured as cleavage of YVAD-AMC and DEVD-AMC, respec-
8B-induced myocardial injury in vivo. CX295 is a dipeptide tively), whereas Z-D-DCB inhibited both caspases nearly com-
alpha-ketoamide compound that inhibits calpain at the active pletely (Fig. 4B and C). Purified caspase 1 activity decreased
site and is nontoxic and effective in vivo (4, 48). To confirm the from 6,829 ± 39 to 6,496 + 36 pmol/min/ng in the presence of
specificity of the compound, the activity of purified calpain was CX295, compared to 0 pmol/min/ng in the presence of Z-o-
monitored in the presence and absence of CX295. The inactive DCB. Purified caspase 3 activity decreased from 1,752 -_ 6 to
diluent of CX295 and the pan-caspase inhibitor Z-D-DCB were 1,533 ± 9 pmol/min/ng in the presence of CX95, compared to
used as controls. Purified calpain activity (measured as cleav- 118 ± 4 pmol/min/ng in the presence of Z-D-DCB.
age of SLY-AMC) was markedly reduced by CX295 (Fig. 4A). CX295 also effectively inhibited calpain activity in primary
Calpain activity was decreased from 1,255 t 22 to 206 ± 4 cardiomyocyte culture. Calpain activity was quantified by im-
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munoblotting in reovirus-infected myocytes, in the presence 4-
and absence of CX295. Calpain activity (measured by densito- I
metric analysis of the 150- and 145-kDa calpain-specific fodrin 3
breakdown product) increased by 2.4-fold in 8B-infected car- 2
diomyocytes compared to that in mock-infected cardiomyo- 1 -

cytes. Calpain activity was significantly reduced in CX295-
treated, 8B-infected cells compared to that in infected, 0
untreated cells (P = 0.04) (Fig. 4D and E).

These experiments confirm that CX295 is both an effective Infected Infected
and a specific calpain inhibitor. Control + CX295

(iv) Calpain inhibitor CX295 inhibits 8B-induced myocar- Heart Lesion Scoring
dial injury. Two-day-old Swiss-Webster mice were infected 0.= no lesions

1 = one or a few smallwith 1,000 PFU of 8B virus and received six daily intraperito- 2 =many small or a few large
neal injections of either active CX295 (70 mg/kg) or its inactive 3 = multiple small and large
saline diluent as a control (see Materials and Methods). Mice 4 = massive
were sacrificed on day 7 postinfection, and myocardial sections FIG. 6. Reduction in myocardial injury score. Myocardial injury of
were prepared. 8B-infected animals was quantified by blindly scoring hematoxylin- and

Transverse cardiac sections from 8B-infected mice treated eosin-stained midcardiac sections of drug-treated and control (inac-
with CX295 or its inactive diluent (control) were stained with tive-diluent-treated) animals upon light microscopy. At least six sec-

tions per heart were scored from 20 to 23 arimals in each group. Ahematoxylin and eosin and viewed by light microscopy (Fig. 5A highly significant reduction in myocardial injury score was noted for
to F). Cardiac tissue from control mice (Fig. 5A) showed drug-treated animals. The mean lesion score was 3.0 t 0.1 (range 2 to
extensive focal areas of myocardial damage, which were absent 4) for controls, compared to 0.6 t 0.1 (range 0 to 1.5) for CX295-
in the CX295-treated animals, despite identical viral infection treated animals. *, P < 0.0001. See Materials and Methods for expla-
(Fig. 5B). Marked disruption of the normal myocardial archi- nations of mean lesion scores.

tecture was evident in hearts of control mice (Fig. 5C), com-
pared to that of drug-treated animals (Fig. 5D). Nuclei with
apoptotic morphology were easily seen within these areas in controls at 7 days postinfection, as well as uninfected age-
the control mice (Fig. 5E), including in cells with condensed matched mice. Serum CPK levels were significantly elevated in
and pyknotic nuclei, as well as apoptotic bodies. These char- 8B-inoculated mice compared to those in uninfected mice,
acteristics were absent in the drug-treated animals (Fig. 5F). indicative of 8B-induced muscle injury. There was a statistically
Staining by TUNEL of comparable sections from drug-treated significant reduction in serum CPK level toward a normal level
and diluent-treated (control) infected mice was examined. Nu- in CX295-treated mice compared to the level in control mice
clei that stained positive by TUNEL were virtually absent in (Fig. 7). Uninfected age-matched mice had a mean CPK level
the drug-treated mice (Fig. 5H), unlike with control infected of 4,521 ± 431 U/liter. 8B-infected mice had a mean CPK level
animals (Fig. 5G). of 5,658 ± 359 U/liter, representing an increase of 1,137 U/liter

For quantification of the degree of myocardial injury, hema- above normal. Treatment of infected animals with CX295 re-
toxylin- and eosin-stained midcardiac sections (at least six sec- duced the mean CPK value to 4,634 ± 350 U/liter, not signif-
tions per heart) were scored using a previously validated scor- icantly elevated compared to normal levels but significantly
ing system (58). Twenty infected, CX295-treated animals and reduced compared to levels in infected, nontreated animals
23 control (infected, diluent-treated) mice were evaluated. (P < 0.05).
There was a highly significant reduction in the myocardial To determine if reductions in myocardial injury were also
injury scores of animals treated with CX295. The mean score associated with reduction in viral titer at primary (hind limb)
for control animals was 3.0 ± 0.1 (range, 2 to 4), compared to and secondary (heart) sites of replication, the titers of virus in
0.6 ± 0.1 (range 0 to 1.5) for CX295-treated animals (P < tissues were determined by plaque assay of tissue homoge-
0.0001) (Fig. 6). nates. There was a 0.5-1ogo-PFU/ml reduction in viral titers in

CPK is an intracellular enzyme present in cardiac and skel- the hind limbs of CX295-treated animals compared to those
etal muscle that is released upon tissue injury. It can be mea- for controls (7.2 ± 0.1 to 6.7 ± 0.2 log,0 PFU/ml; P = 0.003).
sured in the serum and used as a quantitative marker of skel- Hearts of CX295-treated animals had a 0.7-1ogo-PFU/ml re-
etal and cardiac muscle damage (2). Blood was collected from duction in viral titer (6.1 ± 0.2 to 5.4 ± 0.2 log,0 PFU/ml; P <
infected mice treated with CX295 and inactive diluent-treated 0.01) (Fig. 8). Although these decrements were statistically

FIG. 5. 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 following 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 animal (A),
which is absent in the CX295-treated animal (B), despite identical viral infections. Views at an original magnification of X50 demonstrate minimal
inflammatory cell infiltrate in the affected area (C), but myocardial architecture is dramatically disrupted, compared to that of a CX295-treated
mouse (D). At an original magnification of X100, nuclei with apoptotic morphology are easily seen in the control animal (E), as are cells
with condensed and pyknotic nuclei (long arrow) as well as apoptotic bodies (shorter 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 (H).
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FIG. 7. Reduction in serum CPK. CPK was measured as a marker Infected Control Infected Uninfected
of myocardial damage in 8B-infected animals treated with CX295, and
levels were compared to those for control (inactive-diluent-treated) FIG. 9. Growth of infected mice. Growth, as measured by weight
infected animals, as well as age-matched uninfected controls. There gain, was assessed in 8B-infected mice treated with CX295 and inactive
was a significant reduction in serum CPK toward normal levels in diluent (control). Improved growth was noted for infected, CX295-
CX295-treated infected mice compared to levels in infected control treated animals at 7 days postinfection compared to the growth of
animals (P < 0.05). infected controls (*, P = 0.008). Weights of infected, treated animals

were not significantly different from those of uninfected, age-matched
controls.

significant, they were modest in degree, and substantial viral
replication occurred in both the drug-treated and the control
animals (1,000- to 10,000-fold).

We wished to determine whether the reduction in myocar- 51), cytokine fluxes (18, 33, 52, 59), inflammation (29, 53), and
dial damage caused by CX295 treatment reduced morbidity in apoptosis (12, 77, 78). A clearer understanding of pathogenic
mice. We therefore measured growth (weight gain) in infected, mechanisms is crucial for the development of effective thera-
drug-treated mice and compared to that in infected, untreated peutic strategies, since currently employed antiviral agents
controls. CX295-treated mice had improved growth compared have not made a significant impact on outcomes from this
to that of control mice (4.6 ± 0.4 versus 3.6 ± 0.1 g at 7 days clinical syndrome. Reoviral myocarditis is an ideal model with
postinfection; P = 0.008), and growth was not significantly which to study these events, since myocardial injury is a direct
different from that of uninfected age-matched animals (4.6 - effect of virus infection and does not involve immune-mediated
0.4 versus 4.8 ± 0.1 g; P = 0.6, not significant) (Fig. 9). effects.

Reovirus 8B induces myocarditis by apoptosis. Reovirus 8B

DISCUSSION induces myocarditis in mice by direct viral injury to myocytes,
and we now show that this occurs by induction of apoptosis.

Viral myocarditis remains a serious disease without reliable This conclusion is supported by the presence of distinctive
or effective treatment. The events following viral attachment morphologic criteria upon microscopic examination of infected
and replication in myocardial tissue that lead to myocarditis heart tissues; TUNEL-positive nuclei were found exclusively in
are not clearly understood. A variety of mechanisms from regions of viral infection and myocardial injury. The presence
various models have been suggested, including direct viral in- of apoptosis was confirmed by the presence of the character-
jury and persistence (9, 24), autoimmune phenomena (17, 45, istic intranucleosomal cleavage pattern of extracted DNA. It

has been shown previously that multiple viral genes (M1, Li
and L2, and Si) encoding core and attachment proteins are

8- determinants of reovirus-induced acute myocarditis (56). In-
- teractions between these proteins determine myocarditic po-

6i ! tential. Several of these genes have been associated with reo-
Svirus RNA synthesis and reovirus induction of and sensitivity

4 .to beta interferon in cardiac myocyte cultures, which are de-
p terminants of reovirus myocarditic potential. In addition, the

"J9 2S1 gene, which codes for the viral attachment protein rl, is the> primary determinant of apoptotic potential among strains of
-reovirus (69). It is likely, therefore, that the extent of reovirus-

Limb Limb Heart Heart induced myocardial injury is determined by a combination of
Control CX295 Control CX295 host responses, encompassing both the interferon and the ap-

FIG. 8. Tissue-specific viral titers. Titers were measured by plaque optosis pathways. Indeed, just as inhibition of the interferon
assay at 7 days postinfection from homogenates of limbs (site of pri- pathway was sufficient to enhance reovirus-induced myocardi-
mary replication) and hearts (site of secondary replication) of 8B- tis (59), we show here that inhibition of the apoptotic pathway
infected mice. A slight reduction in peak viral titers was seen in the
CX295-treated group. Both CX295-treated and control animals is sufficient to abrogate reovirus-induced myocarditis. Thus,
showed a >3-1oglo-unit increase in virus over the input inoculum (10' apoptosis is an integral component of reovirus-induced myo-
PFU/mouse). cardial injury.
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Calpain activity is increased in reovirus-infected myocard- bition acts to modulate NF-KB-induced signal transduction.
iocytes, and calpain inhibition is protective against reovirus- Calpains may also modulate cell death by cleaving Bax, a
induced myocarditis. Calpain is a calcium-activated cysteine proapoptotic protein located in the cytosol (75). In addition,
protease that has proven importance with regard to the initi- the caspase and calpain proteolytic cascades may interact.
ation of apoptosis in the reoviral model, as well as several other Caspases may play a role in the regulation of calpain by cleav-
unrelated models of apoptosis (see the introduction). We first age of calpastatin, the endogenous inhibitor of calpain (43, 71,
demonstrated that calpain activity is increased in cardiac myo- 76). Reflexively, calpain may be involved in the proteolytic
cytes in vitro following 8B infection, in a time course parallel- activation of some caspases (47).
ing induction of apoptosis. We then demonstrated that calpain Potential therapeutic efficacy of calpain inhibitors. In con-
inhibition resulted in a reduction of calpain activity in infected clusion, our data suggest that reovirus-induced myocarditis
cells and dramatic reductions in reovirus-induced injury, as occurs by direct viral induction of apoptotic cell death and that
well as apoptosis. Clinically significant reduction in myocardial injury can be markedly reduced with the use of a calpain
injury was documented by reduced serum CPK levels and im- inhibitor. To our knowledge, this is the first successful demon-
proved growth in treated mice. stration of the use of calpain inhibition in vivo to ameliorate

It is likely that CX295 acted primarily by interfering with myocarditis in particular and virus-induced disease in general.
crucial signal transduction cascades involving calpain, required However, future experiments are needed to determine
for induction of apoptotic cell death. Additionally, it is possible whether calpain inhibition remains effective when it is admin-
that CX295 provided some portion of its effect by inhibiting istered after the onset of viral infection. Our results demon-
viral growth at either the primary (hind limb) or secondary strate the utility of apoptosis inhibition as a strategy for pro-
(heart) site of replication, since viral titers were slightly lower tection against viral infection.
in drug-treated animals than in controls. Slight reductions in
viral titer do not seem a likely explanation for the majority of ACKNOWLEDGMENTS
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Reoviruses and the host cell
Kenneth L. Tyler, Penny Clarke, Roberta L. DeBiasi, Douglas Kominsky
and George J. Poggioli

Reovirus infection of target cells can perturb cell cycle regulation and induce reovirus-susceptible human neuronal precursor
apoptosis. Differences in the capacity of reovirus strains to induce cell cycle (NT2) cells. The transfected cells were selectively
arrest at G1 and G2/M have been mapped to the viral S1 genome segment, enriched for their ability to bind fluoresceinated
which also determines differences in the ability of reovirus strains to induce T3SA- virions. Four clones were identified that each

apoptosis and to activate specific mitogen-activated protein kinase (MAPK) encoded human JAM (hJAM). The ability of JAM to
cascades selectively. Reovirus-induced apoptosis involves members of the function as a reovirus receptor was confirmed by
tumor necrosis factor (TNF) superfamily of death receptors and is associated showing that: (1) anti-hJAM monoclonal antibodies
with activation of both death receptor- and mitochondrial-associated caspases. blocked binding of T3SA- virus to a variety of target
Reovirus infection is also associated with the activation of a variety of cells including NT2, HeLa and Caco-2; and
transcription factors, including nuclear factor (NF)-.lB. Junctional adhesion (2) murine erythroleukemia (MEL) cells, which are
molecule (JAM) has recently been identified as a novel reovirus receptor. resistant to infection with T3SA-, and chick embryo
Reovirus binding to JAM appears to be required for induction of apoptosis and fibroblasts (CEF), which are resistant to reovirus
activation of NF-x:B, although the precise cellular pathways involved have not infection by both SA+ and SA- reovirus strains, both
yet been identified. became permissive following transient transfection

with either hJAM (MELs and CEFs) or murine
Reovirus infection has long been a classical JAM (CEFs). Surface plasmon resonance was
experimental system for studying the role played by used to show that a fusion protein comprising the
individual viral genes and the proteins they encode extracellular domain of hJAM coupled to rab bit
during distinct stages of viral pathogenesis in vivo immunoglobulin Fc (Fc-hJAM) could bind to purified
(reviewed in Ref. 1). Recent studies have dramatically T3 al protein and to the proteolytically derived head
enhanced our understanding of reovirus-host domain of al. A monoclonal antibody specific for a
interactions at the cellular level and have shed light conformational epitope within the al head domain
on how these viruses activate cellular signaling blocked binding ofT3 virions to Fc-hJAM, an effect
pathways, perturb cell cycle regulation and induce that was not seen with a competitive inhibitor of
apoptotic cell death (Fig. 1). reovirus binding to SA (a-sialyllactose, SLL). This

suggests that reovirus binding to JAM occurs via
Virus-receptor interaction the virion head RBD and does not require SAs.
The reovirus cell-attachment protein al is an Reovirus-JAM binding is of high affinity, with a
oligomer located at the icosahedral vertices in the calculated Kd of 6 x 10-8 M.
outer capsid of the virion. ol has a globular head
domain and a long fibrous tail. Most serotype three Junctional adhesion molecule
reoviruses (T3) contain a receptor-binding domain JAM is a member of the immunoglobulin
(RBD) within the fibrous tail ofal encompassing superfamily that contains two extracellular
amino acids 198-205, which binds a-linked sialic acid immunoglobulin-like domains and a short
(SA) residues2,3 .A second RBD, common to both cytoplasmic tail5,6. It is a type 1 transmembrane

Kenneth L. Tyler* serotype 1 (T1) and T3 reoviruses, is located within protein that is located predominantly at the
Depts of Neurology, the globular head ofal; the head RBD plays a key role subapical region of inter-epithelial cell tight
Medicine, Microbiology & in determining the neurotropism ofT3 reoviruses, junctions. Although the evidence that JAM is a
Immunology and
Pediatrics, both in vitro and in vivo' reovirus receptor is compelling, some aspects of its

PennyClarke Several T3 reovirus strains that fail to bind SA biology suggest that it might not be the exclusive
Dept of Neurology, (T3SA-) have been identified (e.g. clones T3C43, target of reovirus head RBDs, and other candidate
Douglas Kominsky T3C44 and T3C84), and these strains provide an receptors have previously been identified. It is
Dept of Neurology,
Roberta L. DeBiasi opportunity to investigate cell attachment mediated important to recognize that both SA and JAM can
Dept of Pediatrics, by the al head RBD in the absence of tail RBD- serve independently as reovirus receptors, and it is
George J. Poggioli mediated binding to SA. Recent studies have likely that additional virus-receptor interactions
Dept of Microbiology,
University of Colorado provided compelling evidence that the al head RBD also occur. The predominant localization of JAM to
Health Sciences center, binds to junctional adhesion molecule (JAM), and subapical regions of tight junctions would seem to
Campus Box B-182, that JAM is a host cell receptor for reoviruses4 . limit its accessibility for virus binding. Studies
4200 E, 9th Avenue, JAM was identified as a putative reovirus receptor establishing JAM as a reovirus receptor were
Denver, CO 80262, USA.
*e-mail: by transfecting COS-7 cells, a reovirus-resistant performed in cultured cells under conditions in which
Ken.Tyler@UCHSC.edu cell line, with a cDNA library derived from tight junctions could not form. It remains to be seen
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that can interact with membrane-associated

Reovirus guanylate kinase homologs including the Ras- and
al l Rap 1A-interacting proteins AF-6 and ZO- 1

(Refs 9,10). These membrane-associated guanylateTRAIL kinases can in turn activate mitogen-activated
protein kinase (MAPK) kinase (MEK) signaling

DR4/DR5 cascades. Thus, although JAM is not conventionally

p65/ considered a signal transduction protein, it will be
p95• SA intriguing to see what role, if any, it plays in

? AF-61Z0-1 :Ra~c mdaigroiu-nue hnenclua

Ras r + signal transduction pathways. Nonetheless,
FADD reovirus interaction with JAM is unlikely to provide

PK a complete explanation for reovirus-induced
activation of cellular transcription factors, MAPK

.'Raf :NIK :MEKKi: cascades and perturbation in cell cycle regulation.
f "._K f \ IK- Bid For example, reovirus binding to a heterodimeric

MEKl/2 IKK .JNKK p65/p95 cell surface receptor found on certain
S+ ItBid proliferating cells, including R1.1 thymoma cells

ERK IicB/NF-KB JNK Mitochondrion and activated T cells, has been associated with
++ .. . reovirus-induced G1 cell cycle arrest and inhibition
L • of Ras-related signaling pathwaysn,12.:ELK-1 :NF-KB "ci-Jun

Apaf-1 Reovirus'induced activation of nuclear
'transcription factors

•aspa C One of the earliest events following T3 infection is
C activation of the nuclear factor (NF)-iB family of

transcription factors, and this activation appears to
be required for the subsequent initiation of reovirus-

Nw gn induced apoptosist 3.Using electrophoretic mobility-
trancritio Ashift assays (EMSA), NF-KB complexes that include

p50 and p65 (ReIA) can be detected in the nucleus
TRENDS in Microbiology of infected HeLa cells within 4 hrs of infection and

reovirus-induced expression of an NF-KB-dependent
Fig. 1. Reovirus-induced changes in cellular signaling pathways. Reovirus infection is associated with luciferase reporter gene can be detected within
changes in kinase pathways involved in the regulation of N F-xB, and MAPK cascades involving both 12 hrs. Inhibition of NF-KB activation by stable
JNK and ERK. Infection results in new gene transcription and upregulation of apoptotic pathways expression of a super-repressor form of inhibitor of
including the TRAIL/DR4/DR5 death receptor and mitochondrial pathways. Mitochondrial-mediated
cell death involves the activation of an initiator caspase, caspase 9, and an effector caspase, caspase 3. KB (•KB), by inhibition of the proteosomal
Reovirus receptors including JAM, SA and an uncharacterized heterodimeric 'p65/p95' receptor have degradation of IKB or by using immortalized mouse
all been implicated in reovirus-induced changes in cell signaling pathways. The mechanisms by which embryo fibroblasts (MEFs) lacking the p50 or p65
receptor engagement leads to changes in intracellular signaling and the exact receptor(s) involved in
activating specific pathways remain to be defined. See text for details regarding individual pathways. (ReIA) components of the NP-KB complex inhibits
Abbreviations: Apaf-1, apoptotic protease activating factor 1; Cyt c, cytochrome c, DR, death receptor; reovirus-induced apoptosisti.
ELK-i, Ets-like kinase 1; ERK, extracellular signal response kinase; FADD, Fas-associated death The upstream events leading to reovirus-induced
domain; IcB, inhibitor of KB; IKK, IKB kinase complex; JAM, junctional adhesion molecule; JNK, c-Jun NF-KB activation are just beginning to be elucidated.
amino-terminal kinase; JNKK, JNK kinase; MAPK, mitogen-activated protein kinase; MEK, MAPK
kinase; NF-tB, nuclearfactor-icB; NIK, NF-cB-inducing kinase; PAK, p21-activated kinase; SA, sialic acid; Monoclonal antibodies to hJAM inhibit NF-K1B
TRAIL, tumor necrosis factor-related apoptosis-inducing ligand. activation and the subsequent apoptosis in HeLa

cells despite the fact that these cells remain
whether JAM is in fact accessible for viral susceptible to SA-mediated reovirus binding and
attachment in target tissues in vivo. Although JAM infection4 .However, removal of surface SA by
is highly conserved among mammalian species and neuraminidase treatment blocks both NF-K1B
is expressed on many cell types that are susceptible activation and apoptosis14 , suggesting that
to reovirus infection, it is unclear whether the engagement of both JAM and SA might be required
tissue- and cell type-specific distributions of JAM for their optimal induction. It remains to be
correspond with the known cell and tissue tropisms established whether these events are the result of
of reovirus. However, the recent identification of activation of a signal transduction cascade initiated
proteins with homology to JAM (e.g. JAM-2)7,8 , which through JAM and/or SA binding, or whether these
vary in their cell and tissue localization, raises the interactions are merely required to initiate
intriguing possibility that these could also be appropriate early steps in reovirus cell entry and
functional reovirus receptors. replication. However, as replication-incompetent

Several recent studies suggest that JAM is UV-inactivated virus can induce both NF-KB
associated with a complex of tight junction proteins activation'3 and apoptosis"5, this suggests that JAM
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and/or SA binding is likely to play a greater role than strain-specific differences in apoptosis induction15, 24

simply facilitating viral entry into target cells. and correlates with apoptosis induction 23. Reovirus
JAM has not been linked to canonical NF-icB infection of ES cells lacking the MAP3K MEKK1

activation pathways. Under normal circumstances, results in a marked reduction in JNK activation's,
inactive NF-KB is retained in the cytoplasm indicating that activation of MEKK1 plays a crucial
complexed to its repressor, IxB. Phosphorylation of role in this process.
IicB by the IrcB kinase complex (IKK) leads to the
ubiquitination and proteosomal degradation of IKB. Ras signaling
IKK is itself activated by proteins that function as Reovirus infection of R1.I thymoma cells decreases
IKK kinases, including MEK kinase 1 (MEKK1), Raf- 1 phosphorylation and extracellular signal
NF-iB-inducing kinase (NIK) and the interferon response kinase (ERK) activity12. Raf-1 is part of a
(IFN)-induced double-stranded RNA-activated MAPK cascade that begins with conversion of
protein kinase (PKR)'6,17. Cells expressing dominant- Ras-GDP to Ras-GTP and leads sequentially to
negative (DN) forms of NIK fail to activate NF-KB phosphorylation and activation of Raf- 1, MEK 1/2
in response to reovirus infection. Embryonal and ERK. Paradoxically, cells overexpressing
stromal (ES) cells derived from mice with targeted constitutively active Ras signaling pathway
disruptions in the gene encoding MEKK1 show molecules including Sos and Ras, which have
normal levels of reovirus-induced NF-KB increased levels of ERK 1/2 activity, show enhanced
activation18, suggesting that NIK rather than efficiency of reovirus infection 235. It has been
MEKK1 might be the significant IKK kinase suggested that increases in Ras signaling might play
activated following reovirus infection. Perhaps a role, through as-yet-undefined mechanisms, in
surprisingly, given the ease with which reovirus preventing reovirus-induced PKR activation and
infection induces IFN (see Refs 19,20), PKR does not thereby augmenting viral protein synthesis 25,26 .
appear to play a role in reovirus-induced apoptosis
or NF-EB activation. Cells transiently expressing Cellular pathways involved in reovirus-induced apoptosis
DN-PKR and MEFs lacking PKR have normal levels Reovirus-induced apoptosis involves JAM and/or
of reovirus-induced NF-KcB activation and apoptosis SA binding, and the activation of transcription factors
[P. Clarke et al. (2000) MEKK1 and NIK contribute including NF-iB and possibly c-Jun. This suggests
to the activation of NF-KB in reovirus-infected cells that new gene expression is an essential component
via IKK. Abstracts of the 19thAnnual Meeting of of reovirus-induced cell death. Identification of the
the American Society for Virology, Fort Collins, CO, specific genes involved is likely to provide important
USA. Abstract W20-9]. It is important to recognize insights into the mechanism of reovirus-induced
that there are alternative pathways for NF-EB apoptosis, and studies are currently under way to
activation other than kinase-activated degradation identify virus-associated changes in gene
of IKB. For example, calpain-mediated proteolysis transcription using high-density oligonucleotide
of IKB can also lead to NF-icB activation. Calpains microarrays (GeneChip;Affymetrix, CA, USA).
are activated in response to reovirus infection in a Preliminary studies suggest that reovirus infection
variety of target cells including fibroblasts and leads to altered expression of a limited subset of
myocardiocytes in vitro, and in reovirus-infected host genes that can be functionally categorized as
tissue such as the heart in vivo 21,22. encoding proteins involved in IFN responses,

apoptotic signaling, DNA damage and repair
Reovirus activation of MAPK cascades processes, and cell cycle regulation [R.L. Debiasi et al.
In addition to the activation of NF-KB, reovirus (2001) Reovirus infection results in altered
infection leads to the selective activation of MAPK transcription of genes related to cell cycle, apoptosis
cascades. Activation of MAPK cascades usually and DNA repair including BRCA- 1, GADD45 and
begins with a small G protein and then proceeds regulators of BCL-2. Abstracts of the 20thAnnual
through sequential kinase cascades leading from Meeting of the American Society for Virology,
MAP kinase kinase kinase kinases (MAP4Ks) to Madison, WI, USA. Abstract W12-3].
MAP3Ks, MAP2Ks and MAPKs. MAPKs in turn
phosphorylate and activate transcription factors. Cell surface death receptors
T3 reovirus infection is associated with activation Ribonuclease protection assays suggest that
of c-Jun amino-terminal kinase (JNK) and its members of the tumor necrosis factor (TNF)
substrate, the transcription factor c-Jun. JNK superfamily of cell-surface death receptors,
activation can be detected within 8-10 hrs of specifically death receptors 4 (DR4) and 5 (DR5) and
infection and persists for at least 24 hrs18,23. The their ligand (TNF-related apoptosis-inducing ligand,
capacity to activate JNK is reovirus strain-specific, TRAIL), are involved in reovirus-induced apoptosis.
with the prototype T3 strains Abney (T3A) and Antibodies against TRAIL and soluble forms of DR4
Dearing (T3D) being significantly more potent and DR5 inhibit reovirus-induced apoptosis 27 ,28 .A
inducers than TiL. This difference is determined by similar effect is seen in cells stably overexpressing
the same viral genes (Si and M2) that determine DcR2 (Ref. 28), a decoy receptor that binds TRAIL
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Questions for futUre research crucial amplification step in reovirus apoptosis, as
inhibition of mitochondrial release of cytochrome c

"* What are the cellular pathways linking reovirus engagement of JAM by stable overexpression of Bcl-2 inhibits reovirus-
and/or other host cell surface receptors and activation of MAPK induced apoptosis 29 [D. Kominsky (2001) Reovirus
pathways and transcription factors? infection contributes both extrinsic death receptor-

"* What are the specific genes essential for reovirus-induced apoptosis and intrinsic mitochondrial-mediated pathways of

and cell cycle dysregulation and which transcription factors control apoptosis. Abstracts of the 20thAnnual Meeting of

their expression? the American Society for Virology, Madison, WI,
"* What is the role of apoptosis in reovirus-induced tissue injury in USA. Abstract W2-7].

different organs in vivo, and what are the effects on viral pathogenesis
of inhibiting apoptosis? Reovirus-induced perturbation of cell cycle regulation

"* What role do reovirus-induced alterations in cell cycle regulation play in Reovirus infection is associated with inhibition of
viral replication in vitro and pathogenesis in vivo? DNA synthesis and inhibition of cellular

What is the relationship between reovirus receptors identified in vitro, proliferation 24 .Depending on the cells investigated
and the cell and tissue tropism of the virus in vivo? Do differences in and the experimental methods employed, reovirus
patterns of receptor utilization or expression explain age-related and/or has been reported to induce cell cycle arrest in both

strain-specific differences in patterns of viral infection? the G1 (Ref. 12) and G2/M phase 30 ,3 1.Differences in
the capacity of reovirus strains to induce cell cycle
arrest are determined by the viral S 1 genome

but fails to activate apoptotic signaling pathways. segment 24, which is bicistronic. Cell cycle arrest in G1
Reovirus-induced apoptosis results in activation of has been associated with the Sl-encoded ol protein12,
the death-receptor-associated initiator caspase, whereas G2/M arrest requires the Si-encoded non-

caspase 8 and subsequent activation of the structural protein, als (Ref. 30). T3 virions lacking
downstream effector caspases, caspases 3 and 7 als fail to induce G2/M arrest and induced expression

[Ref. 28; D. Kominsky (2001) Reovirus infection ofals causes an accumulation of cells in G2[M
contributes both extrinsic death receptor- and (Ref. 30). Reovirus-induced arrest in G2/M is

intrinsic mitochondrial-mediated pathways of associated with hyper-phosphorylation and inhibition

apoptosis. Abstracts of the 20thAnnual Meeting of of the key G2-to-M transition kinase, p34c2c2 (Ref. 31).
the American Society for Virology, Madison, WI, p34cdc2 hyper-phosphorylation can be induced by a l s

USA. Abstract W2-7]. Reovirus infection also induces expression, and fails to occur in cells infected with a
activation of the mitochondrial apoptotic pathway T3 als-deficient virus. Reovirus-induced G 1 arrest in
with release of cytochrome c and activation of the R1.1 thymoma cells is associated with Ras inhibition
mitochondrion-associated initiator caspase, and can be reversed by constitutive expression of

caspase 9. Both caspase 8 and caspase 9 are capable v-Ha-ras (Ref. 12).
of activating the effector caspase, caspase 3. The
death receptor and mitochondrial apoptotic Reovirus and the host

pathways are linked by Bid, a Bcl-2 family protein. Reovirus-induced perturbations of cell signaling
Reovirus infection results in caspase-8-dependent pathways including those involved in apoptosis

cleavage of Bid, which can then translocate to the regulation, cell cycle perturbation and MAPK
mitochondrion and trigger release of cytochrome c cascades were all initially identified in vitro, and
[D. Kominsky (2001) Reovirus infection contributes their potential significance to pathogenesis in vivo
both extrinsic death receptor- and intrinsic is only beginning to be understood. Following
mitochondrial-mediated pathways of apoptosis. intracerebral inoculation of neonatal mice, T3D
Abstracts of the 20thAnnual Meeting of the induces a lethal encephalitis. Within the central
American Society for Virology, Madison, WI, USA. nervous system (CNS), there is an excellent
Abstract W2-7]. Reovirus-induced apoptosis is correlation between the areas of viral infection as

significantly inhibited by cell-permeable identified by antigen staining, the presence of
tetrapeptide inhibitors of caspase 8 and by stable apoptotic neurons identified by terminal
overexpression of DN Fas-associated death domain deoxynucleotidyl transferase-mediated dUTP nick
(FADD)27. Bid cleavage and cytochrome c release are end labeling (TUNEL), the morphological
also both inhibited in reovirus-infected cells stably characteristics of apoptosis and neuropathological
expressing DN-FADD [D. Kominsky (2001) Reovirus injury32 .A similar correlation has been seen in the
infection contributes both extrinsic death receptor- heart following intramuscular inoculation of
and intrinsic mitochondrial-mediated pathways of neonatal mice with the myocarditic reovirus 8B
apoptosis. Abstracts of the 20th Annual Meeting of strain (Ref. 22). DNA isolated from either infected
the American Society for Virology, Madison, WI, brains or hearts shows the inter-nucleosomal

USA. Abstract W2-7], suggesting that activation of fragmentation pattern characteristic of apoptosis
the mitochondrial apoptosis pathway is initiated by ('laddering'). In the CNS, double-labeling of cells for

death-receptor activation and uses Bid-mediated the presence of viral antigen and for apoptosis by

crosstalk. The mitochondrial pathway provides a TUNEL indicates that both infected cells and

http://tim.trends.com
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non-infected (bystander) cells in proximity to been shown to cause regression of U87 glioblastoma

infected cells can undergo apoptosis 32. In cultured and transformed fibroblast-derived tumors
fibroblasts and myocardiocytes, and in the heart, established in mice33 .It has been suggested that
reovirus infection is associated with activation of the susceptibility of transformed cells to reovirus
calpain, a calcium-dependent cysteine protease21 ,22. infection both in vitro and in homo- and xenografts
Inhibition of calpain activation in vitro inhibits in vivo reflects the presence of an activated Ras
reovirus-induced apoptosis21.Administration of signaling pathway26,33. However, it remains unknown
calpain inhibitors in vivo prevents myocardial whether the basal state or reovirus-induced changes
apoptosis and dramatically inhibits reovirus-induced in MAPK signaling pathways also influence the
myocardial injury22.These studies strongly suggest susceptibility of non-transformed cells to reovirus
that apoptosis is an important feature of reovirus infection during natural infection in the host.
infection in vivo, and a major contributory factor to
virus-induced tissue injury. Conclusion

Unlike apoptosis, the significance ofreovirus- Reoviruses have long served as a model system
induced perturbations in cell cycle regulation and for studying viral pathogenesis in vivo. Recent
MAPK signaling in pathogenesis remains largely studies have dramatically advanced our
unknown. It has not yet been established whether understanding of reovirus-host interactions at the
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Serotype-specific differences in the capacity of reovirus strains to inhibit proliferation of murine L929 cells
correlate with the capacity to induce apoptosis. The prototype serotype 3 reovirus strains Abney (T3A) and
Dearing (T3D) inhibit cellular proliferation and induce apoptosis to a greater extent than the prototype
serotype 1 reovirus strain Lang (T1L). We now show that reovirus-induced inhibition of cellular proliferation
results from a G2/M cell cycle arrest. Using TIL x T3D reassortant viruses, we found that strain-specific
differences in the capacity to induce G2/M arrest, like the differences in the capacity to induce apoptosis, are
determined by the viral S1 gene. The Si gene is bicistronic, encoding the viral attachment protein crl and the
nonstructural protein crls. A otls-deficient reovirus strain, T3C84-MA, fails to induce GJ/M arrest, yet retains
the capacity to induce apoptosis, indicating that orls is required for reovirus-induced GJ/M arrest. Expression
of orls in C127 cells increases the percentage of cells in the G2/M phase of the cell cycle, supporting a role for
this protein in reovirus-induced G2/M arrest. Inhibition of reovirus-induced apoptosis failed to prevent
virus-induced G2/M arrest, indicating that G2/M arrest is not the result of apoptosis related DNA damage and
suggests that these two processes occur through distinct pathways.

Reovirus infection of cultured cells results in inhibition of differences in apoptosis induction. The S1 gene product asso-
cellular proliferation (10, 17-19, 21, 24-27, 38, 40, 41, 44). ciated with reovirus-induced inhibition of cellular DNA syn-
Serotype 3 prototype strains type 3 Abney (T3A) and type 3 thesis has not been identified.
Dearing (T3D) inhibit cellular DNA synthesis to a greater We conducted experiments to further investigate the rela-
extent than the serotype 1 prototype strain type 1 Lang (TiL) tionship between reovirus-induced cellular DNA synthesis in-
(40, 44). Studies using TIL x T3A and TIL x T3D reassortant hibition and apoptosis. We found that inhibition of cellular
viruses indicate that the S1 gene is the primary determinant of proliferation in response to reovirus infection is caused by an
DNA synthesis inhibition (40, 44). Earlier studies suggested arrest in the G2 /M phase of the cell cycle. Reovirus strains
that reovirus-induced inhibition of cellular proliferation results differ in the capacity to induce G2/M arrest, and we used
from inhibition of the initiation of DNA synthesis, consistent reassortant viruses to demonstrate that these differences seg-
with a G1-S transition block (10, 19, 26, 27, 38). regate with the S1 gene. A reovirus orls mutant fails to induce

Reovirus infection also results in apoptosis (11, 36, 37, 44, G2/M arrest but retains the capacity to induce apoptosis. In-
45). Reovirus strains T3A and T3D induce apoptosis to sub- ducible expression of crls results in the accumulation of cells in
stantially greater extent than T1L (44, 45). A significant cor- G2/M phase. Inhibition of reovirus-induced apoptosis does not
relation exists between the capacities of both T1L X T3A (r = affect reovirus-induced G2/M arrest. These results indicate that
0.937) and TIL X T3D (r = 0.772) reassortant viruses and the orls protein is required for reovirus-induced G2/M arrest
reovirus field isolate strains (r = 0.851) to inhibit cellular and suggest that reovirus-induced inhibition of cellular prolif-
proliferation and induce apoptosis (44). Like strain-specific eration and induction of apoptosis involve independent path-
differences in DNA synthesis inhibition, strain-specific differ- ways.
ences in apoptosis induction also segregate with the S1 gene
(36, 44, 45). MATERIALS AND METHODS

The viral S1 gene segment is bicistronic, encoding the viral Cells and viruses. Spinner-adapted mouse L929 cells (ATCC CCLI) were
attachment protein, crl, and a non-virion-associated protein grown in Joklik's modified Eagle's minimal essential medium (JMEM) supple-
with no known function, orls, from overlapping reading frames mented to contain 5% heat-inactivated fetal bovine serum (Gibco BRL, Gaith-
(20, 30, 39). Using a rls-deficient virus strain, it was shown ersburg, Md.) and 2 mM L-glutamine (Gibco). Human embryonic kidney
that crls is not required for reovirus growth in cell culture and (HEK293) cells (ATCC CRL1573), Madin-Darby canine kidney (MDCK) cells

(ATCC CCL34), C127 cells (ATCC CRL1616), and HeLa cells (ATCC CCL2)is dispensable for the induction of apoptosis (37). These ob- were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented to
servations in conjunction with the genetic mapping studies contain 10% heat-inactivated fetal bovine serum (HEK293, MDCK, and C127)
suggest that crl is the primary determinant of strain-specific or 10% non-heat-inactivated fetal bovine serum (HeLa), 2 mM L-glutamine, and

100 U of penicillin and 100 p~g of streptomycin per ml (Gibco). IKB-AN2 cells are
HEK293 cells expressing a strong dominant-negative IKB mutant lacking the
phosphorylation sites that regulate signal-dependent activation of NF-KB (7).

Corresponding author. Mailing address: Department of Neurology Reovirus strains TIL, T3A, and T3D are laboratory stocks. TIL X T3D
(B-182), University of Colorado Health Sciences Center, 4200 E. 9th reassortant viruses were grown from stocks originally isolated by Kevin Coombs,
Ave., Denver, CO 80262. Phone: (303) 393-2874. Fax: (303) 393-4686. Bernard Fields, and Max Nibert (4, 9). The reovirus field-isolate strain type 3
E-mail: Ken.Tyler@UCHSC.edu. clone 84 (T3C84) was isolated from a human host, and T3C84-MA was isolated
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FIG. 1. Reovirus inhibits cellular proliferation. Asynchronous, subconfluent monolayers of L929 cells were either mock infected (circles) or infected with TIL
(triangles) or T3A (squares) at an MO! of 100 PFU per cell, Cells were harvested at the indicated times postinfection and counted. Cells that excluded trypan blue
were scored as viable. Results are presented as the number of viable cells X 105 per ml. The results from a representative experiment of three independent experiments
are shown.

as previously described (6, 12). Viral strains were plaque purified and passaged infection, cells were harvested, washed once with PBS, and stained at 4
0
C over-

two to three times in L929 cells to generate working stocks as previously de- night with Krishan's stain as described above.
scribed (43). Quantitation of apoptosis by acridine orange staining. L929, HEK293,

Isolation and characterization of T3C84-MAorls+. T3C84-MA/o-ls+ was MDCK, and HeLa cells were seeded and infected with reovirus as described
isolated following serial passage of T3C84 in MEL cells as previously described above. The percentage of apoptotic cells was determined at 48 h postinfection as
(6). To isolate a sialic acid binding MEL cell-adapted variant derived from previously described (16, 45). Cells were harvested, washed once with PBS,
T3C84 that retains the capacity to express o-ls, virus isolates from a fifth-passage resuspended in 25 pýl of cell culture medium, and stained with 1 p.0 of a dye
murine erythroleukemia (MEL) cell lysate stock were plaque purified twice on solution containing 100 jig of acridine orange (Sigma) per ml and 100 p.g of
L929 cell monolayers. Plaques were amplified twice in L929 cell cultures and ethidium bromide (Sigma) per ml. Cells were examined by epifluorescencc mi-
used to infect L929 cells (107) at a multiplicity of infection (MOI) of 10 PFU per croscopy (Nikon Labophot-2; B-2A filter; excitation, 450 to 490 nm; barrier, 520
cell. Cytoplasmic extracts were prepared 24 h following infection as previously nm; dichroic mirror, 505 nm) and scored as apoptotic if their nuclei contained
described (8). Protein (100 p.g) was electrophoresed in a 14% sodium dodecyl uniformly stained condensed or fragmented chromatin (16, 45).
sulfate-polyacrylamide gel and transferred to a nitrocellulose membrane. An Apoptosis inhibitors. L929 cells were seeded in 24-well plates at 3.7 X 104 cells
immunoblot for als was performed as previously described (37). The S1 gene of per well in a volume of 0.5 ml per well. After 24 h of incubation, cells were
a fifth-passage isolate that expresses als, termed T3C84-MA/-ls+, was se- incubated with the calpain inhibitor PD150606 (Parke-Davis Pharmaceutical
quenced as previously described (6). T3C84-MA/o'ls+ contains the mutation at Research, Ann Arbor, Mich.) (50 [LM, L929 cell), the caspase 3 inhibitor DEVD-
nucleotide 616 that results in a tryptophan-to-arginine substitution at residue 202 CHO (Clontech, Palo Alto, Calif.) (100 p.M, HEK293), or anti-TRAIL antibody
of the ul protein, which is also present in the Si gene of T3C84-MA and confers (Affinity Bioreagents, Golden, Colo.) (30 p.M, HEK293) for 1 h. Cells were then
the capacity to bind sialic acid but does not contain the mutation that results in infected with T3A at an MOT of 100 PFU per cell at 37°C for 1 h. Following
the introduction of a stop codon following amino acid six in the als protein, infection, media containing the apoptosis inhibitor was added. Cells were har-

Cellular proliferation. L929 cells were seeded in six-well plates (Costar, Cam- vested and analyzed for either apoptosis or cell cycle arrest at 48 h postinfection.
bridge, Mass.) at 10' cells per well in a volume of 2.5 ml in JMEM supplemented Inducible expression of als. C127 stable transformants expressing T3D als
to contain nonessential amino acids, 5% fetal bovine serum, 2 mM L-glutamine, (BPX-6) from the mouse metallothionein promoter and vector control (BPV-12)
100 U of penicillin per ml, and 100 jig of streptomycin per ml. After 24 h of were provided by Aaron Shatkin (21). BPX-6 and BPV-12 cells were seeded in
incubation, when cells were 10 to 20% confluent, the medium was removed, and 24-well plates at 3.0 X 10' cells per well in a volume of 0.5 ml per well. After 24 h
cells were infected with viral strains at an MO! of 100 PFU per cell in a volume of incubation, cells were incubated with 1 p.M CdCI2 to induce als expression
of 100 KIp at 37C for 1 h. After viral infection, 2.5 ml of fresh medium was added (22) and harvested at various times postinduction for cell cycle analysis.
to each well. At various times postinfection, cells were harvested, resuspended in
2 ml of phosphate-buffered saline (PBS), and counted using a hemacytometer. RESULTS
Cell viability was determined by trypan blue exclusion. Results are presented as
the viable cell numbers per milliliter. Reovirus strains TML and T3A differ in the capacity to in-

Flow cytometry. L929, HEK293, MDCK, and HeLa cells were seeded in either
12-well plates (Costar) at 10s cells per well in a volume of I ml per well or 24-well hibit cellular proliferation. We have previously shown that T1
plates (Costar) at 3.7 X 10' cells per well in a volume of 0.5 ml per well and then and T3 reovirus strains differ in the capacity to inhibit cellular
infected with reovirus as described above. Cells were harvested, washed once DNA synthesis as measured by [3H]thymidine incorporation
with PBS, and stained at 4"C overnight with Krisban's stain containing 3.8 mM (40, 44). To determine whether reovirus-induced DNA synthe-
trisodium citrate (Sigma Chemical Co., St. Louis, Mo.), 70 pM propidium iodide sis inhibition is associated with inhibition of cellular prolifer-
(Sigma), 0.01% Nonidet P-40 (Sigma), and 0.01 mg of RNase A (Boehringer
Mannheim Co., Indianapolis, Ind.) per ml (33). Cell cycle analysis was performed ation, we infected L929 cells with either T1L or T3A at an
using a Coulter Epics XL flow cytometer (Beckman-Coulter, Hialeah, Fla.). MOI of 100 PFU per cell. At various intervals after infection,
Alignment of the instrument was verified daily using DNA check beads viable cells were counted (Fig. 1). Infection with T3A resulted
(Coulter). Peak versus integral gating was used to exclude doublet events from in complete inhibition of cellular proliferation. A modest re-
the analysis. Data were collected for 10,000 events. The Modfit LT program
(Verity Software House, Topsham, Maine) was used for cell cycle modeling. duction in proliferation was observed for cells infected with

Cell synchronization. L929 cells were seeded in 24-well plates at 3.7 X 101 cells TIL compared to mock-infected controls. Therefore, strain-
per well in a volume of 0.5 ml per well. After 24 h, cells were treated with 1 p.M specific differences in inhibition of cellular proliferation paral-
amethopterin (methotrexate) (Sigma) and 50 p.M adenosine (Sigma) for 16 h. lel those previously reported for DNA synthesis inhibition.
Cells were washed twice with PBS, infected with reovirus, and incubated with

fresh JMEM supplemented to contain 5% heat-inactivated fetal bovine serum, 2 T3 reoviruses induce G2/M arrest. To identify the phase in
mM L-glutamine, and 2 mg of thymnidine (Sigma) per ml. At various times after the cell cycle that T3 reoviruses inhibit cellular proliferation,
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FIG. 2. T3 reovirus induces an increase in the percentage of cells in the G2/M phase of the cell cycle. Asynchronous, subconfluent monolayers of L929 cells were
either mock infected (circles) or infected with TiL (triangles), T3A (squares), or T3D (diamonds) at an MOI of 100 PFU per cell. Cells were harvested at the indicated
times postinfection, stained with Krishan's stain, and analyzed for DNA content using flow cytometry. Results arc presented as the percentage of cells in G2/M phase
(A) or G, phase (B) of the cell cycle. Results of a representative experiment of three independent experiments are shown. (C) L929 cells were synchronized with 1
IM methotrexate and 50 iM adenosine for 16 h. Cells were released using fresh media containing 2 mg of thymidine per ml and either mock infected or infected with
TIL or T3A at an MOI of 100 PFU per cell. Cells were harvested at the indicated times postinfection, stained with Krishan's stain, and analyzed for DNA content using
flow cytometry. Results are presented as the cell cycle distribution following either mock, T1L, or T3A infection at the indicated times postinfection.

we analyzed reovirus-infected cells using flow cytometry. L929 T1L-infected or mock-infected cells (Fig. 2B). To confirm
cells were infected with TIL, T3A, or T3D at an MOI of 100 these results, L929 cells were synchronized with methotrexate
PFU per cell and stained with Krishan's stain (33) containing prior to reovirus infection and assessed for cell cycle progres-
propidium iodide to determine cellular DNA content at vari- sion (Fig. 2C). Similar to findings with unsynchronized cells,
ous intervals postinfection. The results were converted to the T3A induced a significant increase in the proportion of cells in
percentage of cells in G2/M phase of the cell cycle using Modfit the G2/M phase of the cell cycle compared to TIL or mock
LT software (Fig. 2). Infection with either T3A or T3D re- infection. The increase in the proportion of cells in G2/M was
sulted in a substantial increase in the percentage of cells in the first seen at 12 h postinfection and was maintained throughout
G2/M phase of the cell cycle compared to TIL-infected or the observation period (48 h). These findings indicate that the
mock-infected cells by 24 h postinfection (Fig. 2A). There also inhibition of proliferation induced by T3 reoviruses is caused
was a corresponding decrease in the percentage of cells in G, by a block in the G2/M phase of the cell cycle. Following TIL
phase following infection with either T3A or T3D compared to or mock infection, cells traverse the cell cycle, proliferate, and
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FIG. 2-Continued.

reenter the cell cycle. Conversely, T3-infected cells enter the reassortant viruses for the capacity to induce G2/M arrest in
cell cycle, stall in G2/M phase, and do not proliferate, unsynchronized and synchronized L929 cells (Table 1). The

T3 reovirus-induced G2/M arrest is dose dependent. To in- results demonstrate a significant association between the ca-
vestigate the relationship between MOI and the induction of pacity of reassortant viruses to induce G2/M arrest in unsyn-
G2/M arrest, we infected L929 cells with T3A at MOIs of 1, 10, chronized L929 cells and the S1 gene segment (Student t test,
and 100 PFU per cell. Cells were harvested at 48 h postinfec- P = 0.004; Mann-Whitney, P = 0.007). No other viral genes
tion, stained with Krishan's stain (33), and analyzed for DNA were significantly associated with G2/M arrest in this analysis (t
content by flow cytometry (Fig. 3). T3A infection induced a test and Mann-Whitney, all P > 0.05). However, when L929
greater percentage of cells in G2/M than mock infection at cells were synchronized prior to infection, the results demon-
each MOI tested, and the effect was dose dependent. strate a significant association between the capacity of reassor-

G2/M arrest occurs in a variety of cell lines following T3 tant viruses to induce G2/M arrest and the derivation of the S1
reovirus infection. To determine whether the capacity of reo- gene segment (Student t test, P = 0.007; Mann-Whitney, P =
virus to block cell cycle progression is cell type dependent, 0.016) and the M2 gene segment (Student t test, P = 0.007;
L929, MDCK, C127, HEK293, and HeLa cells were either Mann-Whitney, P = 0.016). We used parametric stepwise lin-
mock infected or infected with T1L or T3A at an MOI of 100 ear regression analysis to determine whether the S1 and M2
PFU per cell. Cells were harvested at 48 h postinfection,
stained with Krishan's stain (33), and analyzed for DNA con-
tent by flow cytometry (Fig. 4). T3A infection induced a
greater percentage of cells in GJ/M than either T1L or mock 35 '
infection in all cell lines tested. However, the magnitude of the 30
strain-specific difference was greatest in L929 (Fig. 4A), 0
MDCK (Fig. 4B), and C127 (Fig. 4C) cells. Therefore, reovi- .5 25.
rus-induced G2/M arrest is not cell type specific and likely • 20.
requires non-cell-type-specific factors to mediate G2/M arrest. U

T3 reovirus G2/M arrest phenotype is dominant. To deter- 4 15 m
mine whether G2/M arrest resulting from T3 reovirus infection - 10o
could be overcome by T1 reovirus infection, we coinfected

S 5L929 cells with equivalent MOIs of TiL and T3A and mea- 0
sured the percentage of cells in G2/M by flow cytometry at 48 h 0
postinfection. The percentage of cells in G2/M after coinfec- Mock 1 10 100
tion with TiL and T3A was identical to that of T3A alone and
significantly greater than that of T1L alone (Fig. 5). These MOI of T3A
results indicate that the G2/M arrest phenotype of T3 reovirus FIG. 3. G2/M arrest induced by T3 rcovirus is dose dependent. Asynchro-
is dominant. nous, subeonfluent monolaycrs of L929 cells were either mock infected or in-G,/M arrest by TIL x T3D reassortant viruses. To identify fected with T3A at MOls of 1, 10, and 100 PFU per cell. Cells were harvested atGI 48 h postinfection, stained with Krishan's stain, and analyzed for DNA content
viral genes associated with differences in the capacity of TiL using flow cytometry. Results are presented as the percentage of cells in G2/M
and T3D to induce G2iM arrest, we tested 12 TiL X T3D phase.
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A. L929 (P = 0.007) for the S1 gene alone in synchronized L929 cells.
70- These results indicate that the S1 gene segment is the primary
60 - determinant of strain-specific differences in reovirus-induced
50- G2/M arrest.
40- G2/M arrest induced by T3 reovirus. The S1 gene segment
30- encodes two proteins, the viral attachment protein crl and the
20- nonstructural protein crls (20, 30, 39). To determine whether
100 crls is required for G2/M arrest, we infected L929 cells with

reovirus strain T3C84-MA, which does not express crls (37)
B MDCK (Fig. 6). The percentage of cells in G2/M following infection

with T3C84-MA was significantly less than the percentage of
50- cells in G2/M following infection with the otls-expressing pa-
40- rental virus, T3C84. T3C84-MA failed to induce G2/M arrest,
30- even at an MOI 10-fold greater than T3C84. T3C84-MA/crls+,
20- a MEL-cell-adapted strain that does not contain the point10 F1mutation in S1 that results in an early stop codon in arls but
0 contains the tryptophan-to-arginine substitution at position

202 in al, induced a level of GJM arrest that was significantly
C-4 C127 greater than T3C84-MA at an MOI of 100 in L929 cells (P =

, 40 - 0.002; percentage of cells in G2/M following T3C84-MA/uls+
30- infection, 23.02 ± 1.1%). These findings indicate that func-

t 1 .tional crls is required for reovirus-induced G/IM arrest.
20 Expression of T3 orls induces an increase in the percentage
10 of cells in GJM phase. To determine whether crls alone is

0 sufficient to induce the accumulation of cells in G2/M phase,
0' we analyzed the DNA content of C127 cells engineered to

express the T3D crls protein. Expression of arls from the
HEK293 mouse metallothionein promoter was induced by 1 [LM CdCl240- (21) however, levels of o'ls were substantially less than levels30 found following natural virus infection (data not shown). The

percentage of cells in G2/M following induction was signifi-
20 cantly greater in cells expressing crls than in vector control
10 cells at 45 and 55 h postinduction (P = 0.03 and P = 0.005,

0 mrespectively) (Fig. 7). These results provide additional evi-
dence that cris expression is involved in the accumulation of

cells in the G2/M phase of the cell cycle.
HeLa Reovirus-induced apoptosis can be dissociated from reovi-

30 - rus-induced G2/M arrest. Previous studies indicate that the
capacity of reovirus to inhibit DNA synthesis correlates with

20. the capacity to induce apoptosis (44). Like strain-specific dif-

ferences in reovirus-induced G2/M arrest, differences in the
10. capacity of reovirus strains to inhibit DNA synthesis and in-

0I duce apoptosis are determined by the S1 gene (40, 44). To
determine whether apoptosis-associated disruption of cellular

Mock TIL T3A DNA is required for reovirus-induced inhibition of cellular

FIG. 4. T3 reovirus induces G 2/M arrest in murine, canine, and human cells. proliferation, L929 cells or HEK293 cells were either mock
Asynchronous, subconfluent monolayers of L929 (A), MDCK (B), C127 (C), infected or infected with T3A in the presence or absence of
HEK293 (D), and HeLa (E) cells were either mock infected (white) or infected inhibitors of reovirus-induced apoptosis (7, 8, 11). Treatment
with TIL (gray) or T3A (black) at an MOI of 100 PFU per cell. Cells were of cells with the calpain inhibitor PD150606 (11), the caspase
harvested at 48 h postinfection, stained with Krishan's stain, and analyzed for
DNA content using flow cytometry. Results are presented as the mean percent- inhibitor DEVD-CHO (D. J. Kominsky, personal communica-
age of cells in G2 /M phase for three independent experiments. The error bars tion), or anti-TRAIL antibody (7) blocks reovirus-induced ap-
indicate the standard errors of the mean. A significantly greater percentage of optosis, as does expression of an IKB mutant that blocks
T3A-infected cells were in G 2/M than mock-infected cells in all cell lines tested
(P < 0.01 to 0.001). A significantly greater percentage of T3A-infected cells were NF-KB activation (7, 8). Gz/M arrest was evaluated by flow
in G2 fM than TIL-infected cells in all cell lines tested (P < 0.01 to 0.001) except cytometry at 48 h postinfection (Fig. 8). Treatment with the
HeLa. A significantly greater percentage ofTIL-infected cells were in G 2/M than calpain inhibitor PD150606 (Fig. 8A), the caspase 3 inhibitor
mock-infected cells in L929 and HEK293 cells (P < 0.001). DEVD-CHO (Fig. 8B), or anti-TRAIL antibody (Fig. 8C)

using conditions that inhibit reovirus-induced apoptosis, had

genes contributed independently to the capacity of TIL X T3D no effect on T3A-induced G2/M arrest, nor did inhibition of
reassortant viruses to induce Gz/M arrest. We obtained R' NF-KB by expression of a dominant-negative IKB (7, 8) (Fig.
values of 91.3 and 96.7% for the regression equation using all 8D). Therefore, inhibitors of reovirus-induced apoptosis do
10 reovirus genes for unsynchronized and synchronized L929 not inhibit reovirus-induced G2/M arrest. These findings indi-
cells, respectively: 52.2% (P = 0.004) for S1 in unsynchronized cate that apoptosis induced DNA damage is not required for
L929 cells and 84.9% (P < 0.001) for S1 and M2 and 53.5% reovirus-induced G2/M arrest.
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FIG. 5. T3A-induced G2/M arrest phenotype is dominant. L929 cells were either mock infected (white), coinfected with equivalent MOIs of TIL and T3A (the MO0
of each virus was 50 PFU per cell) (hatched), or infected with TIL (shaded) or T3A (solid) alone at MOls of 50 or 100 PFU per cell. L929 cells were harvested at 48 h
postinfection and analyzed using flow cytometry. The results are presented as the percentage of cells in the G2/M phase of the cell cycle.

DISCUSSION suggested, based on extrapolation of results obtained using
[3 H]thymidine incorporation, that T3 reoviruses induce cell

T3 reovirus strains inhibit host cell proliferation, as mea- cycle arrest at the G,-to-S transition. We now show, using flow
sured by cellular DNA synthesis inhibition, to a substantially cytometry to directly analyze cell cycle progression in reovirus-
greater extent than T1 reovirus strains (40, 44). It had been infected cells, that reovirus-induced inhibition of cellular pro-

TABLE 1. Capacities of TIL X T3D reassortant viruses to induce G2IM arrest

Genome segment" % Cells in G2/M'
Virus strain

Li L2 L3 M1 M2 M3 S1 S2 S3 S4 Unsynchronized Synchronized

EB138 3D 1L 1L 3D 3D 1L 3D 3D IL 1L ND 24.56
EB28 3D 3D IL 3D 3D 3D 3D 1L 3D 3D 38.13 28.59
KC150 3D 1L 1L 1L 3D IL 3D 3D 1L 3D 33.91 36.47
EB97 3D 3D 1L 3D 3D 3D 3D 3D 3D 1L 30.30 28.35
G2 1L 3D 1L 1L 1L 1L 3D 1L 1L IL 29.09 13.92
H41 3D 3D 1L 1L 1L 3D 1L 1L 3D 1L 26.56 ND
T3D 3D 3D 3D 3D 3D 3D 3D 3D 3D 3D 25.71 38.51
H15 IL 3D 3D 1L 3D 3D 3D 3D 3D IL 24.95 31.63
EB127 3D 3D 1L 1L 3D 1L IL 3D 3D IL 23.54 ND
H9 3D 3D 1L 3D 1L 1L 3D 3D 3D 3D 23.11 17.17
EB85 1L 1L 1L 1L 1L 3D 1L 3D IL IL 21.88 ND
TIL 1L IL 1L 1L 1L IL IL IL IL IL 19.23 5.56
EB145 3D 3D 3D 3D 3D 1L IL 3D 3D 3D 15.72 14.72
EB121 3D 3D IL 3D 1L 3D IL 3D 3D 3D 14.98 9.45
EB1 1L 3D 1L 1L 3D 1L lL 1L 3D IL 11.89 16.19

Significance (P)c
Unsynchronized L cells

t test 0.30 0.84 0.60 0.85 0.46 0.36 0.004 0.78 0.58 0.66
MW 0.30 1 0.77 0.95 0.41 0.38 0.007 0.80 0.73 0.85

Synchronized L cells
t test 0.25 1 0.27 0.73 0.007 0.16 0.007 0.18 0.67 0.53
MW 0.28 1 0.28 0.76 0.016 0.2 0.016 0.21 0.57 0.48

"The parental origin of each genome segment in the reassortants strains: 1L, genome segment derived from TiL; 3D, genome segment derived from T3D.

b Unsynchronized or synchronized L cells were infected with viral strains at an MOI of 100 PFU per cell and analyzed by flow cytometry at 48 h postinfection. ND,

not determined.
'As determined by two-sample parametric Student t test (t test) and Mann-Whitney nonparametric analysis (MW). Values in boldface are statistically significant.
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FIG. 6. Reovirus-induced G2/M arrest requires 'ls. L929 cells were either mock infected (white) or infected with wild-type T3C84 (black) or als-null mutant

T3C84-MA (gray) at MOIs of 100, 250, or 1,000 PFU per cell. Cells were harvested 48 h postinfection, stained with Krishan's stain, and analyzed using flow cytometry.
The results are presented as the mean percentage of cells in Gz/M phase of the cell cycle for six independent experiments at an MOI of 100 and three independent
experiments at MOIs of 250 and 1,000. The error bars indicate the standard errors of the mean. A significantly greater percentage of T3C84-infected cells were in G 2/M
than T3C84-MA-infected cells at each MOI tested (P < 0.001).

liferation results from G2/M arrest. This effect is not cell type T3C84-MA fails to induce G2/M arrest. This finding suggests
specific and is dominant in strains that block cell cycle pro- that rls is required for blockade of cell cycle progression
gression. following T3 reovirus infection. It is also possible that differ-

Differences in the capacity of reovirus strains to inhibit cel- ences in the capacity of T3C84 and T3C84-MA to induce cell
lular proliferation are determined by the viral S1 gene (40, 44). cycle arrest are influenced by other sequence differences. The
Our results indicate that the same is true for G2/M arrest. The mutation in the S1 gene that introduces a termination codon in
reovirus S1 gene is bicistronic, encoding the structural protein the crls open reading frame also results in a lysine-to-isoleu-
ol and the nonstructural protein crls using overlapping, alter- cine substitution at residue 26 in the deduced amino acid
native reading frames (20, 30, 39). As a result of this coding sequence of trl. The T3C84-MA S1 gene also contains an
strategy, there is no sequence similarity between the cr1 and additional mutation that results in a tryptophan-to-arginine
ols proteins (12). To determine which of the two Sl-encoded substitution at residue 202 in crl, which determines the capac-
proteins are required for G2/M arrest, we examined the capac- ity of this strain to bind sialic acid. To exclude the possibility
ity of the arls null mutant T3C84-MA to induce G2/M arrest, that sialic acid binding influences cell cycle arrest, we isolated
T3C84-MA and its arls expressing parent, T3C84, produce and characterized an additional T3C84-MA variant, T3C84-
equivalent yields of viral progeny in L929 cells, and both vi- MA/crls+, that binds to sialic acid and expresses nrls. In con-
ruses are equally effective in inducing apoptosis (37). However, trast to T3C84-MA, which binds sialic acid but does not ex-

press crls, T3C84-MA/crls+ induces G2/M arrest. Therefore, it
is unlikely that the capacity to bind sialic acid influences the

S20 efficiency of cell cycle arrest induced by T3 reoviruses.
To corroborate findings made using viruses that vary in als

15 expression, we also tested the capacity of cells engineered to
express orls under the control of an inducible promoter to

0 BPV-12 undergo cell cycle arrest. Following induction of crls expres-10o
* 0 BPX-6 sion, we observed an increase in the percentage of cells in the

0 G2/M phase of the cell cycle, which suggests that crls is capable
of mediating cell cycle blockade at the G2/M checkpoint. This

-_observation suggests that the reovirus crls protein is similar to
0• 0 the human immunodeficiency virus (HIV) Vpr protein (2, 28,

35 45 55 31, 35) or the human papillomavirus (HPV) E2 protein (23),
Time Post-CdCl Induction (h) which similarly block cell cycle progression at the G2/M bound-

ary. Thus, our findings indicate that reovirus-induced G2/MFIG. 7. als expression induces an increase in the percentage of cells in G 2/M arrest requires erls and provide the first evidence of a func-
phase. C127 cells stably transfected with als (BPX-6) or vector control (BPV-12)
under the control of the mouse metallothionein promoter were induced with tional role for this nonstructural protein.
CdCI2, harvested at the indicated times postinduction, and analyzed for DNA We have previously shown that the capacity of reovirus to
content by flow cytometry. The results are presented as the mean percentage of induce apoptosis correlates with the capacity to inhibit cellular
cells in the G2/M phase of the cell cycle for three to six independent experiments. proliferation and that both properties are determined by the
The error bars indicate the standard errors of the mean. The percentage of cells
in G 2/M was significantly greater in the o-ls-expressing cells than in the vector- viral S1 gene (44). Our results clearly show that G2/M arrest
control cells at 45 h (P = 0.03, n = 4) and 55 h (P = 0.005, n = 6) postinduction. can occur in cells treated with potent inhibitors of reovirus-



VOL 74, 2000 REOVIRUS-INDUCED G 2fM CELL CYCLE ARREST 9569

A 30 occur in the absence of G2/M arrest (37). These findings sug-
gest that viruses may utilize different mechanisms to induce
GJM arrest and apoptosis.

20 The G2/M transition is regulated by the kinase cdc2/cdkl
0 -PD150606 (13-15, 32, 34). Expression of HIV Vpr (28, 35) or HPV E2

10 E +PD150606 protein (23) results in inhibition or delayed activation of cdc2
kinase activity resulting in an accumulation of cells in the Gz/M
phase of the cell cycle. In contrast, the baculovirus Autographa

o californica nuclear polyhydrosis virus (AcNPV) (3) and herpes
simplex virus (HSV) (1, 29) induce G2/M arrest by a mecha-

B 40 nism that is cdc2 independent, since cells infected with either
of these viruses maintain high levels of cdc2 kinase activity.

30 HIV, HPV, AcNPV, and HSV require a nuclear phase to
20- [ - DEVD-CHO replicate, whereas reovirus replicates in the cytoplasm. T3 als

2 + DEVD-CHO has been detected in the nucleus as well as in the cytoplasm
10 following reovirus infection (5, 37), and it is possible that this
• o ,nuclear localization is required for reovirus-induced G2 /M ar-

rest. Future studies will be aimed at identifying which cell cycle
regulatory proteins are involved in reovirus-induced cell cycle

L 3 perturbation, the role of cellular localization of rls in this
0 process, and the significance of cell cycle arrest in reovirus-

induced cytopathology and pathogenesis.
o 20
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SYMPOSIUM: Herpesvirus Infections of the Nervous System

Polymerase Chain Reaction as a Diagnostic
Adjunct in Herpesvirus Infections of the Nervous
System
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5  infections (23); PCR aids in diagnosis, therapy, disease

Departments of 'Pathology, 'Neurology, 3Pediatrics, classification, epidemiology, and basic research. In

'Microbiology, and 'lmmunology and Medicine, University of infectious disorders, PCR is ideally suited for identify-

Colorado Health Sciences Center and The Denver Veterans ing fastidious organisms that may be difficult, or impos-
Administration Hospital, Denver, Colorado, USA sible, to culture (24). The technique can be performed

rapidly and inexpensively, and test results are typically
Polymerase chain reaction (PCR) is a powerful available faster than with standard culture or serological

technique that allows detection of minute quantities methods. Nucleic acids of bacteria, mycobacteria, rick-
of DNA or RNA in cerebrospinal fluid (CSF), vesicle

and endoneurial fluids, blood, fresh-frozen, and ettsia, parasites, treponemes, and viruses can be identi-

even formalin-fixed tissues. Various infectious fled by PCR analysis of any body secretion, fluid, or tis-

agents can be detected with high specificity and sue. The widespread availability of an in-house test in

sensitivity, including bacteria, parasites, rickettsia most hospitals, or ready access to a reference laborato-
and viruses. PCR analysis of CSF has revolutionized ry, has led to the incorporation of PCR testing on CSF
the diagnosis of nervous system viral infections, and body fluids into medical practice in the United
particularly those caused by human herpesviruses States and other developed countries. Unfortunately, the
(HHV), and has now replaced brain biopsy as the rapid proliferation of testing has led to substantial vari-
gold standard for diagnosis of herpes simplex virus ation among laboratories in terms of quality control,
(HSV) encephalitis. PCR analysis of both CSF and

nervous system tissues has also broadened our techniques and procedures.

understanding of the spectrum of disease caused by Despite the wide application of PCR to CSF and

HSV-1 and -2, cytomegalovirus (CMV), Epstein-Barr other body fluids, such as vesicle or endoneurial fluids,

virus (EBV), varicella zoster virus (VZV), and HHV-6. PCR analysis of central (CNS) and peripheral (PNS)
Nonetheless, positive tissue PCR results must be nervous system tissues remains primarily a research tool
interpreted cautiously, especially in cases that lack and is not available at all institutions. PCR on tissues
corroborating clinical and neuropathologic evidence and CSF, sometimes in conjunction with immunohisto-
of infection. Moreover, positive PCR results from tis- chemistry or in situ hybridization techniques, have fur-
sues do not distinguish latent from productive (lytic)
viral infections. In several neurological diseases, thered our understanding of the role of herpesvirus in

negative PCR results have provided strong evidence cases of encephalitis, meningitis, meningoencephalitis,

against a role for herpesviruses as the causative myelitis, ventriculoencephalitis, polymyeloradiculitis,
agents. This review focuses on the use of PCR tests and brainstem infections. PCR of cerebral arteries has

to diagnose HSV and VZV infections of the nervous established a direct role for VZV in cases of waxing and
system. waning vasculitis (36), and PCR of temporal arteries has

negated a role for VZV in giant cell arteritis (66).

Introduction Interpretation of positive PCR amplification of her-

Polymerase chain reaction (PCR) can be applied to pesvirus genome in brain tissues from patients with neu-

the diagnosis of any disease in which nucleic acids (e.g. rological disorders of uncertain etiology can be prob-

DNA, RdNA) or their expression as messenger RNA lematic. Since amplification of viral nucleic acid does

(mRPNA) play a role. PCR is useful to study congenital
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not distinguish between genomic fragments, latent NO DNA

infection, low-grade persistent infection, or active sCDN

(lytic) infection. The interpretation of a positive result
may depend on the precise gene or genes being ampli-

Sfled, and whether the methods used are designed to 0:.
detect genomic DNA, RNA, or mRNA. Herpesviruses !!
are generally classified as either neurotropic (HSV,
VZV) or lymphotropic (EBV, HHV-6, HHV-7, H-V-8) O<
based on their tissue location during latency; defined as
"the persistence of the virus in a host in the absence of
clinically apparent infection," with the capacity to reac-
tivate (31). Considerable information is available about
the physical state, viral nucleic acids and proteins dur- >

ing latency of neurotropic herpesviruses (see companion INFECTED CELL DNA

article by Cohrs et al.) Numerous studies have also .doc-

umented latency of herpesviruses in cells other than
those of the nervous system, including peripheral blood
mononuclear cells (78), B-lymphocytes, and T-lympho- Figure 1. POR gel. PCR detection of VZV DNA in cerebral

artery sections from a patient with waxing/waning vasculitis
cytes. (see ref 36). Total DNA was extracted from: BSC-1 cells; sec-

In the CNS, nucleic acid hybridization first detected tions of multiple cerebral arteries; VZV- or HSV-1 -infected BSC-

HSV viral genome in human brains in 1979 (73) and 1 cells; and CMV-infected human Wl38 cells. Template DNA
again in 1981 (32). PCR on human brain revealed HSV was omitted from one of the reaction tubes (no DNA). One ng

DNA in brainstem, olfactory bulbs and limbic areas (7). of DNA from uninfected and virus-infected cells, and 10 PI of
duplicate samples of DNA from sections of right middle cerebral

Since --SV has never been isolated from normal human artery (1), anterior cerebral artery (2), basilar artery (3), right

brain tissue, the presence of the viral genome does not vertebral artery (4), and right posterior cerebral artery (5) were

definitively signal latent viral infection or the capacity PeR-amplified, using primers specific for VZV gene 29, HSV-1

for reactivation, and instead might represent random gene UL30, genes corresponding to the CMV major immediate

viral sequences or fragments of virus. Although the viral early genes, or human f3-actin. Figure reproduced with permis-
transcripts associated with latency (LATS) have been sion, American Academy of Neurology.

identified in a mouse model of HSV infection (27), their the rapid detection of even a few copies of the target
presence has not been definitively demonstrated in nucleic acid (see refs. 23 and 24 for reviews). DNA is
human brain tissue (see accompanying article by Cohrs often the target nucleic acid, although RNA can also be
et al.). Several laboratories have also reported detection detected by reverse transcription (RT-PCR).
of viral genomic material of HHV-6, HHV-7, and HHV- PCR uses the heat-stable DNA-synthesizing enzyme,
8 in normal autopsy human brain (15, 21). It remains to DNA polymerase, to extend synthetic DNA fragments
be proven whether these viruses establish latency with- onto oligonucleotide primers designed to bind to target
in brain. In contrast, VZV DNA has not been detected in DNA segments. Oligonucleotide primers have
normal human brain in most studies, and its presence on sequences complementary to each strand of DNA to be
tissue PCR usually indicates productive infection of amplified and are (usually) 20 to (rarely) 40 bases in
CNS. length. Primer design is crucial for efficient and accu-

This review summarizes the principles of PCR test- rate PCR analysis. In the past, primer sequences were
ing and the role of CSF PCR in the diagnosis and thera- generated manually. Currently, software programs that
peutic management of herpesvirus infections of the facilitate optimal primer design are available
nervous system, particularly HSV and VZV. Problems (http://www.genome.wi.mit. edu/cgi-bin/primer/primer3
inherent in interpretation of positive tissue PCR for .cgi) to address issues such as guanine-cytosine content,
viruses that may become latent in the nervous system melting points that match for both primer sequences,
are also discussed. and the reduction of unwanted primer-primer formation.

The first step in PCR is the denaturation of the dou-
Principles of PCR testingby heating the sample to 95°C.

PCR techniques allow the in vitro synthesis of mil- gDuring heating, the DNA polymerase remains intact.
lions of copies of a specific gene segment, and in turn,
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The second round of PCR is done with primers P3 and P4
Nested PCR which are internal to P1 and P2 to yield a DNA fragment

from P3 and P4

3-'
3' 5'

Southern

The nested PCR product is analyzed by Southern blot
"hybridization using a probe internal to the nested PCR product

Figure 2. Schematic of Nested PCR.

Oligonucleotide primers are supplied in considerable products generated are specific. The amplified fragment
excess to ensure that more primers rather than the orig- is transferred from the gel and analyzed using a radioac-
inal (de novo) complementary strand of DNA are avail- tively or fluorescently labeled probe that is complemen-
able for binding. As the sample containing the denatured tary to the expected target gene (Figure 1). Failure of the
DNA, primers, and DNA polymerase is cooled to 55- probe to bind to the amplicon indicates a false-positive
70'C, the primers anneal (bind) to their respective com- PCR product due to mispriming or other technical
plementary template strands. The nucleotide building issues, whereas confirmation of the specificity of ampli-
blocks adenine, guanine, thymidine, and cytosine are fled PCR products by Southern blot ensures that the
also supplied in molar excess. Using these nucleotides, product is derived from the target gene. Direct sequenc-
the DNA polymerase (usually Taq) "reads" the target ing of the amplified product is also used for PCR prod-
DNA strand in a 5' to 3' direction and forms a new, uct confirmation; however, this approach is limited pri-
complementary DNA sequence downstream from the marily to the research setting since it is too labor-inten-
primer. This results in two complete double-stranded sive for routine use.
DNA pairs concluding the first cycle of PCR testing. Nested PCR is a modification that increases the
Multiple cycles (30-40) of denaturing, annealing of new specificity and especially the sensitivity of PCR. Nested
primers and strand elongation amplify DNA into 106-109 PCR involves a second round of PCR in which an addi-
copies over 2-3 hours. tional set of new primers internal to the original primers

The resulting PCR product is visualized and identi- is utilized (Figure 2). A fragment smaller than the origi-
fled based on its migration in an electrophoretic agarose nal target fragment becomes the second target. While

gel containing ethidium bromide. The generation of a nested PCR can increase the sensitivity of PCR, it also
PCR product (amplicon) of the appropriate size, as pre- increases the likelihood of false-positive reactions.
dicted from the target gene and primer set used is the Results from studies using nested PCR may vary con-
first indication of a positive reaction. However, siderably from those that utilize non-nested PCR.
Southern blotting is usually performed to ensure that the
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"-Quantitative PCR (using Taqman) is increasingly usually requires 2-4 weeks after acute infection to reveal

being applied to CSF, and occasionally to tissues. The an antibody response. In contrast, CSF PCR yields pos-
technique involves the use of internal oligonucleotides itive results during acute infections, when the amount of

- labeled at one end with a fluorescent dye and at the replicating virus is maximal. Unlike traditional culture
other end with a quencher dye - along with the PCR methods that may show negative results after the patient

primers during amplification. Fluorescence emitted dur- receives even small doses of antimicrobial drugs, CSF
ing PCR is measured and directly correlated to the num-. PCR retains its sensitivity after short courses of antivi-
ber of copies of the target. ral therapy (24). This allows the rapid start of empiric

The ability of PCR to generate and amplify a high therapy when the patient initially presents with suspect-

number of DNA strand copies from the original sample, ed meningitis or encephalitis, without potentially com-
which may contain as few as 1 to 10 copies of the target promising the definitive diagnostic test. CSF PCR is

DNA, is both its greatest virtue and greatest limitation. also ideal for patients in whom brain biopsy is con-
The exquisite sensitivity of the test can easily lead to traindicated clinically, such as patients with advanced

false-positive results from amplification of minute acquired immunodeficiency syndrome (AIDS) (22).
amounts of contaminating DNA. This problem is well- Positive CSF PCR testing indicates the presence of
recognized by experienced laboratories, and rigorous viral DNA and is a marker of recent or ongoing active
controls are run simultaneously with the clinical sam- viral infection. Despite the high prevalence of seroposi-

ples, using all reagents except the unknown specimen to tivity to HSV in the population and the fact that the virus

insure that the reagents do not harbor contaminants, becomes latent in multiple ganglia of most humans,
Dedicated work areas and separate reagents used exclu- HSV DNA is not detected in CSF of HSV-seropositive
sively for PCR testing, frequent glove changes, and test- individuals without neurological disease or with other
ing in laminar flow hoods alleviate false-positives, types of inflammatory non-HSV CNS infections (82). In
False-negative test results due to deterioration of the general, a positive CSF PCR for viral DNA indicates a
original sample specimen, incorrect heating of the sam- CNS infectionby that particular pathogen, especially in
pie, or use of incorrect proportions of the various mix- an immunocompetent individual (82). A possible excep-
ture reagents are more easily rectified. tion might arise from a breakdown of the blood-brain

PCR works very well on biopsy or autopsy tissues barrier (e.g., in severe bacterial meningitis), or contam-

frozen soon after removal from the body; DNA can be ination of the CSF with blood, resulting in a positive

amplified by PCR even when tissues are stored for sev- CSF PCR in the absence of viral infection (82).

eral years at -80'C. Although one of the greatest assets However, in one very recent study that addressed this
of PCR is that it can also be used on archival, formalin- problem, false-positive CSF PCR results for her-
fixed, paraffin-embedded tissue samples, yields of pesviruses were not seen in any of 10 control patients
extracted DNA are usually less from fixed than from with bacterial meningitis, despite high CSF white cell
fresh tissues. Extraction of target DNA involves counts (75).
removal of the wax with several rounds of xylene Replicating virus and viral DNA do not persist indef-
immersion and centrifugation, and the procedure itself initely, so that the CSF PCR test becomes negative over
may slightly diminish the DNA yield from fixed tissues. time, especially in immunocompetent patients. While
The DNA yield from fixed tissues may also be reduced most CSF testing in the clinical setting of suspected
due to cross-linking after prolonged fixation (several meningitis or meningoencephalomyelitis is performed
years), or in association with use of osmic acid or other within 1-2 days following onset of neurological syrup-
fixatives. Both fresh-frozen and fixed tissues must be toms, positive test results at least 2 and up to 4 weeks

digested with proteinase K prior to performing the PCR after onset of clinical disease have been recorded (88).

techniques described above. The protocol for extraction False-negative tests can occur if PCR inhibitors are
of DNA is described in the commercial kit literature present in the CSF, such as hemoglobin products result-
(DNeasy Tissue Kit Handbook, Qiagen, 28159 Avenue ing from breakdown of red blood cells. However, mod-
Stanford, Valencia, CA, 91355, USA). est xanthochromia does not negatively impact CSF PCR

testing, nor does high CSF protein level or white blood

PCR of CSF cell count (24).
One of the most successful applications of CSF PCR CSF PCR testing is optimally performed on fresh

is in the diagnosis of viral nervous system infections (8, samples. However, DNA is more stable than RNA, and

67, 88). PCR is preferable to serological testing, which usually refrigeration for a few hours or even days does
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not appear to significantly reduce the yield of the test crobial therapies and clearance of CMV viral burden in
although this has not been rigorously studied (24). In AIDS patients (16). Overall, CSF PCR testing has been
order to avoid cell lysis that liberates viral DNA into the crucial in diagnosing herpesviruses nervous system
supernatant and effectively dilutes the sample, CSF and infections in AIDS patients and a positive CSF PCR
body fluids for PCR should not be frozen prior to ship- result for herpesvirus in 'the majority of patients corre-
ping. Optimally, samples are shipped overnight at room sponds to CNS infection by that pathogen, just as it does
temperature, centrifuged, and the pellet examined for in immunocompetent patients. CSF PCR has the poten-
virus-specific DNA. The exquisite sensitivity of the tial to identify infections in AIDS patients who may not
technique implies the need for only small volumes of mount a classical serological response to viral infection
CSF for analysis (i.e. 30 p1) although laboratories gen- or demonstrate protracted clinical manifestations (37).
erally request at least 0.5 ml. CSF PCR testing has played a critical role in estab-

Occasional immunocompetent or immunocompro- lishing the frequency and distribution of herpesvirus
mised patients reveal more than one herpesvirus on CSF infections in immunocompetent populations. In the
PCR, and EBV has been the most frequent agent associ- study by Studahl et al., 87% of patients with herpesvirus
ated with a dual positive result (75). In a large series of DNA detected in CSF were immunocompetent, with
662 patients, mostly immunocompetent, detection of HSV-1 identified in 18 patients, EBV in 16, HSV-2 in 9,
HHV-6 and EBV by CSF PCR did not correlate clini- CMV in 7, HHV-6 in 6, and VZV in 6 of 69 positive
cally in several individuals with the presence of a CNS patients (75).
infection known to be caused by that virus (75). In con-. The sensitivity and specificity of CSF PCR exceeds
trast, detection of HSV-1, HSV-2, CMV, and VZV DNA 95% for HSV encephalitis (55, 88). For HSV-1, the
correlated strongly with specific clinical syndromes of existing standards to which CSF PCR results are com-
encephalitis/myelitis and meningitis (75). Similarly, in a pared, such as brain biopsy, are actually less sensitive
large study of HIV-infected individuals, conducted to than PCR (55). Hence, CSF PCR has dramatically
assess the diagnostic reliability of CSF PCR by compar- reduced the need for brain biopsy as a diagnostic test.
ison with biopsy or autopsy diagnoses, the most fre- CSF PCR has also led to the identification of mild or
quent false-positive herpesvirus detected was HHV-6 atypical forms of HSV encephalitis that were formerly
(19). In this study, seven of the 219 patients with corre- attributed to other viruses, often in the absence of brain
sponding tissue samples lacked histological evidence of biopsy (26, 30), and that may account for 17% of total
a CNS disease that could be attributed to their HHV-6 cases of HSV encephalitis (30). CSF PCR has estab-
DNA detected by CSF PCR (19). Additional large stud- lished the diagnosis and role of HSV-1 in brainstem
ies are necessary to determine the extent of false-posi- encephalitis (84), myelitis (75), multifocal or diffuse
tive PCR results for herpesviruses, especially HHV-6 encephalitis without temporal lobe involvement in chil-
and EBV. dren (71), and neonatal encephalitis (75). HSV

Occasional false-negative and false-positive CSF encephalitis in children may relapse after therapy, and
PCR results for CMV have been seen in AIDS patients. CSF PCR has been used to identify the subset of chil-
In AIDS patients, CSF PCR detected HSV-1 or HSV-2 dren in which HSV viral DNA reappears (43, 49).
in all six cases (100%) of histologically confirmed HSV Quantitative CSF PCR may also provide valuable infor-
encephalitis, compared to 37 of 45 cases (82%) with mation in cases of pediatric HSV encephalitis in moni-
CMV infections of CNS (19). An earlier study had sug- toring response to antiviral drugs (4)

gested that a CSF PCR positive for CMV DNA correlat- ý`CSF PCR has helped clinicians to recognize that
ed strongly with systemic CMV infections but not with HSV-2 can cause aseptic meningitis even in the absence
CMV brain infections in AIDS patients at autopsy (I). of genital herpetic lesions (72), and has established
Recent studies employing quantitative CSF PCR for HSV-2 as the most common cause of benign recurrent
CMV have indicated that AIDS patients with autopsy- lymphocytic meningitis, including many cases previ-
confirmed CIVI encephalitis harbor significantly higher ously diagnosed as Mollaret's meningitis (79). Even
levels of viral genome than do those with symptoms when CSF viral cultures are negative, CSF PCR is pos-
unrelated to CMV (91). These studies suggest the use- itive in patients with recurrent episodes of meningitis
fulness of quantitation in clarifying the clinical rele- following an initial episode of herpes simplex meningi-
vance of a positive CSF PCR result for CMV in AIDS tis (79). CSF PCR has illustrated that immunocompetent
patients (6). Despite these difficulties, CSF PCR for adults may manifest HSV-2-induced meningoencephali-
CMV has been used to monitor the efficacy of antimi- tis as well as meningitis (75). CSF PCR has identified
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- rare cases of HSV-2 brainstem encephalitis and recur- without associated rash (sine herpete) (8, 11). Since the
rent thoracic myelitis (65). virus can rarely be cultured from CSF, diagnosis of

CSF PCR testing has been found to be nearly 100% meningitis or meningoencephalitis previously depended
specific and sensitive as a tumor marker for EBV-relat- on the presence of a characteristic vesicular erythema- I
ed CNS lymphoma (18, 19, 22, 87), and has changed the tous rash before, during, or after CNS infection, and
way in which clinicians diagnose CNS lymphoma in VZV-mediated neurologic diseases were under-recog- f
immunocompromised individuals. In one study of AIDS nized. CSF PCR for VZV has shown that aseptic menin-
patients with CNS mass lesions, a positive EBV CSF gitis and brainstem encephalitis due to this virus carl
PCR correctly identified all 17 CNS lymphoma cases occur in immunocompetent hosts (75). In a study of 514
and was positive in only 1 of 68 AIDS patients with non- consecutive HIV-positive patients, CSF PCR for VZV
CNS lymphoma mass lesions (18). CSF PCR for EBV is became negative in patients whose clinical conditions
also positive during the acute phase of the illness in chil- improved following antiviral therapy and remained pos-
dren with infectious mononucleosis and neurological itive despite appropriate therapy in several patients who
complications such as transverse myelitis, meningoen- subsequently died (17). Hence, CSF PCR for VZV DNA
cephalitis, and aseptic meningitis (88). may have utility in monitoring therapeutic response and

A sensitivity of 82% and specificity of 99% of CSF in predicting outcomes. In the same study, several
PCR for detecting CMV CNS infections has been patients with positive CSF PCR for VZV DNA, but
reported in AIDS patients (16). A sensitivity of 60% for without clinically recognizable VZV meningoen-
CSF PCR is cited for congenital CMV infections, and cephalitis, were considered to have subclinical reactiva-
positive results may correlate with poorer neurologic tion of VZV, treated with antiviral agents and survived.
outcome in affected infants (81). CMV viral load has In those cases, positive CSF PCR was considered to
also been monitored in peripheral blood leukocytes as a antedate clinical disease and allowed effective use of
method to predict which inmmunosuppressed patients prophylactic therapy (17).
might develop a systemic (and CNS) infection (9, 29). CSF PCR testing for VZV has established a role for

CSF PCR testing has corroborated the role of HHV- the virus in cases of stroke (granulomatous arteritis),
6 in febrile seizures, meningitis, encephalitis, and multifocal infarcts, myelitis, and neuritis. CSF PCR has
encephalopathy in immunocompetent and immunocom- served as the diagnostic test for large vessel encephali-
promised individuals (48, 92). HHV-6 genome has been tis (also called granulomatous arteritis, herpes zoster
demonstrated in CSF from up to 57% of children ophthalmicus with contralateral hemiplegia, or simply
younger than one year of age who have febrile seizures stroke with VZV) (62), small vessel vasculopathy
,and has also been seen in children with recurrent febrile (leukoencephalitis) (3), myelitis (34), and zoster sine
convulsions (92). The role of HHV-7 in neurological herpete (39). Some of these complications had been pre-
disease is unclear, although detection of HHV-7 DNA in viously linked to VZV but received full confirmation
CSF and serum of children with exanthem subitum and from PCR testing.
encephalopathy has been reported (80, 85). Encephalitis
in immunocompromised individuals associated with PCR testing of body fluids other than CSF
HHV-8 has been described (68), but this awaits addi- PCR testing of skin vesicle fluid from patients with
tional confirmation. HHV-8 DNA has been detected in varicella (chickenpox) and zoster (shingles) has identi-
primary CNS lymphomas in some studies (20) but not fled VZV in 97% of patients; in traditional viral culture
others (5). In the study in which HHV-8 was detected, methods, virus was isolated in only 23% of these same
the virus was surmised to play an indirect role in the patients (25). PCR for VZV DNA was positive for vesi-
development of primary CNS lymphoma, and was cles up to 14 days after the onset of the rash, even from
thought to be present in the adjacent non-neoplastic crusted cutaneous lesions, compared to culture speci-
lymphocytes but not the lymphoma cells (20). mens that were positive only when taken within 5 days

CSF PCR for VZV has considerably broadened the of rash onset (25).
understanding of the neurologic complications due to PCR analysis of peripheral blood mononuclear cells
this virus (3, 8). VZV, along with EBV, displays the and CSF has furthered our understanding of the patho-
most protean manifestations of nervous system infection genic mechanism in postherpetic neuralgia, the most
of any of the herpesviruses (35, 50, 51). Serological common complication of VZV reactivation from laten-
techniques and CSF PCR for VZV have been particular- cy in the elderly. Postherpetic neuralgia is characterized
ly helpful in identifying cases of VZV CNS infections by pain that persists for more than the 4-6 weeks asso-
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ciated with zoster (shingles) (35). The cause of the per- PCR testing on fresh, frozen, or archival fixed and
sistent pain is unknown. Using PCR, VZV DNA was paraffin-embedded tissues has allowed assessment of
detected in blood mononuclear cells from 11 of 51 pos- viral presence, even from small or imperfectly preserved
therpetic neuralgia patients, but not in any of 19 zoster specimens. Tissue PCR of cerebral arteries has estab-
patients without the persistent pain syndrome or in any lished a direct role for VZV in cases of large vessel (62)
of 11 elderly control individuals without zoster (58). and small vessel vasculopathy. In a patient with waxing
While it is not possible to examine dorsal root ganglia and waning VZV vasculitis, detection of VZV DNA by
- the site of VZV latency (56) - during the life of PCR led to the discovery that VZV antigen was also
these patients, it seems likely that the PCR results reflect present, indicating a productive infection in blood yes-
the greater level of VZV present in these ganglia during sels as the cause of disease (36). Brain tissues may be
pain episodes than during periods of latency. Blood positive for VZV DNA by PCR even when virus is no
mononuclear cells may traffic through ganglia during longer detectable by other methods, such as light
periods of putative ganglionitis and acquire viral DNA. microscopy for viral inclusions, imrnunohistochemistry,
Thus, PCR analysis of blood mononuclear cells pro- or in situ hybridization (52).
vides a window to indirectly assess levels of VZV repli- VZV latency in human sensory ganglia was original-
cation in deep ganglionic tissues of patients with pos- ly demonstrated with Southern blotting by Gilden et aL.
therpetic neuralgia. (38) and was later confirmed by PCR (59). More recent-

PCR on both CST and fluid from auricular vesicles ly, PCR techniques have been used on dorsal root gan-
has confirmed that VZV causes Ramsey-Hunt syn- glionic tissues to address the important question of
drome, the second most common cause of 7th nerve whether neurons, satellite cells, or both harbor latent
facial paralysis after Bell palsy (64). Ramsey-Hunt syn- virus. PCR combined with in situ hybridization on sort-
drome can be difficult to recognize since the rash is hid- ed neuronal and non-neuronal cells fractions showed
den in the ear or mouth, and rash may be delayed, par- that latent VZV resides primarily, if not exclusively, in
ticularly in pediatric patients (41). PCR on endoneurial neurons at a level of two to five viral copies per latently
fluids and posterior auricular muscle samples collected - infected neuron (54).
during decompressive facial nerve surgery for Bell Our laboratory has used PCR to address the role of
palsy identified HSV-1 DNA in 79% of patients and sug- subclinical reactivation of VZV. Understanding the
gested that neither EBV or VZV is an important cause of extent of viral burden in transplant recipients may help
idiopathic Bell palsy (63). A subsequent study using in monitoring their response to the doses of prophylac-
PCR identified a subset of patients with acute peripher- tic antiviral agents currently being utilized. Quantitative
al facial palsy that have zoster sine herpete (33). Acute PCR applied to autopsy trigeminal ganglia to assess
facial palsy due to VZV constituted a significant per- VZV DNA burden in transplant recipients at risk for
centage of the overall patient population (29%) in that reactivation demonstrated an average of 119 copies of
study, and an even higher incidence of VZV reactivation VZV DNA/pýg of total ganglionic DNA, compared to an
(88%) was responsible for the palsy in the patients who average of 71 copies in controls (B.K. Kleinschmidt-
were HSV-seronegative (33). Hence, PCR has verified a DeMasters, R. Mahalingam, unpublished data). These
role for herpesviruses in both of the common causes of results suggest an increased viral burden in transplant
facial nerve paralysis and distinguishes which virus is recipients despite "optimal" antiviral prophylactic ther-
causative in clinically confusing cases. apies. Future studies are needed to determine the clini-

PCR testing on blood mononuclear cells has also cal and statistical significance of the increased viral load
impacted patient care for transplant recipients, AIDS in a larger number of transplant recipients, as well as the
patients, and other populations at-risk for CMV infec- extent of host inflammatory response and viral antigen
tions or EBV-related lymphoproliferative disorders. production, if any.
Monitoring of CMV viral loads by PCR in blood has led
to prophylactic therapy with antiviral agents in AIDS Exclusion of herpesvirus etiology in nervous system
and transplant patients to prevent systemic (and CNS) disease by tissue PCR
viral infections (29). Given the protean manifestations of herpesvirus-

mediated infections of the central and peripheral nerv-
Confirmation of herpesvirus etiology in nervous sys- ous system, efforts have been made to detect these
tern infections by tissue PCR viruses by PCR on tissues from several disease entities

characterized by arteritis and/or inflammation. PCR
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- testing of various tissue specimens has suggested that Identification of viral genomes in patients with
VZV is not the cause of giant cell arteritis (66) and has Rasmussen encephalitis has been similarly problematic.
shown no role for VZV, CMV, EBV, or HSV in child- Jay et al. detected CMV and HSV genomic sequences in
hood multifocal encephalomalacia (89). PCR also sug- 10 patients with intractable seizures and chronic
gests that HSV is not the cause of Meniere's disease encephalitis, and several controls (46). In another study,
(90). A survey of a variety of normal and disease periph- PCR revealed small amounts of CMV and EBV DNA in
eral nerve conditions, including inflammatory peripher- 6 patients with Rasmussen encephalitis (86).
al neuropathies, revealed no HSV DNA by PCR in Comparison of the PCR signal strength for the CMV
peripheral nerves (76), thus excluding a role for this her- and EBV DNA found in the Rasmussen encephalitis
pesvirus in several disorders with a plausible viral etiol- cases to that in controls (AIDS patients with document-
ogy. ed CMV encephalitis or EBV-driven CNS lymphomas,

respectively) revealed considerably lower amounts of
Questionable herpesvirus etiology in nervous sys- viral nucleic acid in Rasmussen encephalitis patients
tern disease despite positive tissue PCR than those in patients with diseases known to be caused

Positive PCR on tissues from patients without defi- by these viruses (86). The authors suggested that EBV
nite clinicopathologic evidence of infection is difficult and CMV did not directly cause Rasmussen encephali-
to interpret. For example, the. HSV genome is present in tis, but could not rule out an indirect role for these her-
brain tissues from both controls, and patients with a vari- pesviruses. The issue of viral etiology versus autoim-
ety of neurologic diseases (7), so that assignment of a munity in Rasmussen encephalitis has recently been

role for this herpesvirus in a disease condition is espe- reviewed (40). Greenlee and Rose note that virus has
cially problematic. Positive PCR results on tissues have never been cultured from brain tissues of Rasmussen
been most challenging to interpret in patients who might encephalitis patients and conclude that "at the present
not manifest classic clinical features of infection, but time, there is no convincing evidence for a viral etiolo-
who exhibit tissue inflammation, such as putative chron- gy" for the disease (40).

ic herpes simplex encephalitis in children (47), PCR has also identified HSV DNA in brain samples
Rasmussen encephalitis (46, 86), and multiple sclerosis from other non-inflammatory types of epilepsy patients
(MS) (69). Also problematic are positive PCR results in (70), but methodology and selection of controls in that
tissues from certain other non-inflammatory seizure dis- study have been questioned (83). An additional report of
orders (28, 70), Alzheimer's disease (44, 45, 60), and HSV, CMV, and HHV-6 DNA in brain tissues from
brain tumors (14, 21). young seizure patients (28) awaits corroboration. A

Jay et al. identified HSV DNA in surgical resection higher than expected prevalence of HSV genomic mate-
tissues of pediatric patients with remote, antecedent rial in brain tissue from patients with Alzheimer's dis-
clinical histories of HSV-1 encephalitis, subsequent ease has been reported by some investigators (44, 45),
intractable seizure disorders, and chronic encephalitis but could not be confirmed by others (60).
(47). That study described 3 pediatric patients whose Unlike the situation for HSV DNA, PCR studies
brains revealed microglial nodules, lymphocytic infil- have not demonstrated VZV DNA in autopsy brain tis-
trates, and gliosis, but negative immunohistochemistry sues. Liedtke et a. detected VZV in only 1% of olfacto-

and electron microscopy for virus (47), suggesting that ry bulbs (56). VZV DNA was not detected by PCR of
the HSV genome was present but that infectious virus temporal lobe cortex from any of 8 schizophrenic
was not being produced or produced only at extremely patients, 8 non-schizophrenic suicide victims, or 8 nor-
low levels. It remains unclear whether the chronic mal control subjects (2). In a study using frozen brain
inflammation was a result of persistent low-grade viral tissue from 31 schizophrenic and 23 control subjects, no
replication or an immune response to prior infection. CMV, EBV, HSV-1, VZV, or HHV-6 was detected (77).
HSV DNA detection might reflect either the presence of No VZV DNA was found in brain from either
latent virus no longer responsible for the encephalitis or Alzheimer's disease patients or normal age-matched
the presence of herpesviruses that "simply accumulate controls -(57). Only one group has reported detection of
in CNS with the passage of time," a possible explana- VZV DNA, as well as many other herpesviruses (IS,
tion for some positive tissue PCR results offered by EBV, CMV, HIHV-6), in a significant percentage of both
Vinters et at. (86). Clinicopathologic features in multiple sclerosis and control brains (69). Others have
encephalitic cases such as these do not help clarify the not reproduced these results.
interpretation of positive PCR results,
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Whereas PCR reveals an abundance of CMV and in oligodendrocytes in MS brains, but not in normal
EBV DNA in brain from patients with CMV encephali- controls (13), suggesting the presence of viral activa-
tis and EBV-associated CNS lymphoma, the signifi- tion, especially within the demyelinative plaques.
cance of low levels of these lymphotropic herpesviruses However, as noted by the authors themselves, the PCR
in brain tissues remains unclear, especially in AIDS (and immunohistochemical) data were insufficient to
patients. One quantitative PCR study of CMV genome establish a causal link between HHV-6 and MS (13).
in brains of AIDS patients with and without neu- The role of this virus in MS is a complex topic and is
ropathologic evidence of CMV encephalitis found sig- discussed in a recent review of controversies in neuro-
nificantly higher viral copy numbers in brains of logic infectious diseases (40). As noted by these authors,
patients with clinicopathologic evidence of productive MS may not have a singular causation and even if an
viral infection than in non-encephalitic AIDS brains infectious organism such as HHV-6 is found, it may
(53). Like quantitative CSF PCR, quantitative tissue only be related to the disease in a subset of patients (40).
PCR for CMV may identify which positive cases are Positive tissue PCR could be detecting an agent of no
due to productive lytic infection by the virus. etiological importance, a commensal organism, or a

Viral DNA sequences of lymphotropic herpesviruses virus that causes an infection that non-specifically pre-
have been recently identified by PCR in normal brain cipitates a clinical relapse, but is not the direct cause of
tissue, including HHV-6 (21), HHV-7, and HHV-8 (15). MS (40).
HHV-6 genomic material was also detected in neoplas- One possible explanation for some positive tissue
tic brain tissues in 37% of 118 biopsies from primary PCR results for the blood-borne herpesviruses may be
(115) and metastatic (3) tumors, compared to 32% of that lymphocytes and mononuclear cells harboring these
normal controls (21). The presence of viral genome in viruses are entrapped within the lesional tissue. A recent
brain tumors was considered to represent "reactivation study of a large number of arthritis patients has also
from latency in immunocompromised patients," based raised the possibility that PCR on fluids and tissues
on the detection of HHV-6 immediate early protein p41 might detect viruses in peripheral white blood cells that
by immunohistochemistry (21). Interestingly, peripheral are migrating into inflamed tissues (74). In that study,
blood lymphocytes from 7 of the HHV-6-positive tumor PCR demonstrated CMV in 25, EBV in 12, and HSV
patients contained the same HHV-6 variant (A: or B) as DNA in16 of 73 samples of synovial fluid or tissue (74).
did their respective brain tumor sample. Chan et al. also Based on analysis of several viruses from a large num-
demonstrated HHV-6 and HHV-7 sequences by PCR on ber of patients with a spectrum of arthritides and
tissues in 8.2% and 14.3%, respectively, of primary arthropathies, those investigators argued rather convinc-
brain tumors (14). HHV-6 has been identified in oligo- ingly that inflammatory cells harboring" viral DNA(s)
dendrocytes in patients with progressive multifocal migrate into damaged tissues but are not directly
leukoencephalopathy, but genome has also been found causative of arthritis. It remains uncertain whether sim-
in normal, AIDS, and other control brains, especially ilar mechanisms occur in some CNS disorders involving
with increasing patient age (10). In cases of HHV-6 large numbers of lymphocytes or mononuclear cells and
meningoencephalitis, lymphocytes, microglia, and some can explain some positive tissue PCR results.
neurons are infected (42). However, latent virus need In summary, tissue PCR is a valuable tool for specif-
not reside in the same cells as those involvedin produc.- ic diagnosis of VZV CNS infections, since the over-
tive, lytic infections. VZV, for example, can infect glia, whelming majority of PCR studies on human brain do
neurons, and blood vessels in the CNS in cases of not reveal VZV genomic material in normal controls.
encephalitis (50), but has never been shown to become When VZV is detected by PCR in tissues or CSF, the
latent in these CNS sites. Further studies are needed to patient is likely to harbor a nervous system infection
firmly establish which cells in the CNS, if any, harbor caused by VZV. Positive CSF PCR results for HSV-1 or
latent HHV-6, HHV-7, and HHV-8. HSV-2 in patients also usually correspond to clinical

PCR for HHV-6 has been intensively applied to the syndromes of meningitis, encephalitis, or myelitis. In
study of multiple sclerosis (MS). In one of the best- contrast, HSV viral genomic material is present in a
known studies, HHV-6 DNA was identified in >70% of large percentage of brains from individuals without neu-
MS brains and controls by PCR (13). In contrast to tis- rologic diseases, and positive PCR results on tissues do
sue PCR, analysis of CSF with this technique has not not equate with productive HSV infection. CSF PCR for
always revealed HHV-6 in MS ýpatients (61). HHV-6 EBV DNA is an excellent diagnostic adjunct for detec-
antigens have been identified by immunohistocheristry tion of CNS lymphomas in immunosuppressed patients.
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The presence of low copy numbers of CMV and EBV in 9. Bitsch A, Kirchner H, Dupke R, Bein G (1993)
immunosupprassed patients and in patients with Cytomegalovirus transcripts in peripheral blood leuko-

cytes of actively infected transplant patients detected by

Rasmussen encephalitis suggests that quantitation of reverse transcription-polymerase chain reaction. J Infect

viral load in tissues or CSF may further assist in identi- Dis 167:740-743

fying disorders directly caused by productive infection 10. Blumberg BM, Mock DJ, Powers JM, Ito M, Assouline JG,

by these viruses. Finally, the very recent identification Baker JV, Chen B, Goodman AD (2000) The HHV6 para-

by tissue PCR of HHV-6, HHV-7, and HHV-8 genomic dox: ubiquitous commensal or insidious pathogen? A two-

sequences in normal and neoplastic brain awaits further step in situ PCR approach. J C/in Virot 16: 159-78
sequenes intnorestal whete tesely hotroain awaiviruses 11. Burke DG, Kalayjian RC, Vann VR, Madreperla SA, Shick
studies to establish whether these lymphotropic vHE, Leonard DGB (1997) Polymerase chain reaction
are latent in cells of the CNS. detection and clinical significance of varicella-zoster virus

in cerebrospinal fluid from human immunodeficiency
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Viral infection often perturbs host cell signaling pathways including those involving mitogen-activated
protein kinases (MAPKs). We now show that reovirus infection results in the selective activation of c-Jun
N-terminal kinase (JNK). Reovirus-induced JNK activation is associated with an increase in the phosphory-
lation of the JNK-dependent transcription factor c-Jun. Reovirus serotype 3 prototype strains Abney (T3A) and
Dearing (T3D) induce significantly more JNK activation and c-Jun phosphorylation than does the serotype 1
prototypic strain Lang (TIL). T3D and T3A also induce more apoptosis in infected cells than TIL, and there
was a significant correlation between the ability of these viruses to phosphorylate c-Jun and induce apoptosis.
However, reovirus-induced apoptosis, but not reovirus-induced c-Jun phosphorylation, is inhibited by blocking
TRAIL/receptor binding, suggesting that apoptosis and c-Jun phosphorylation involve parallel rather than
identical pathways. Strain-specific differences in JNK activation are determined by the reovirus S1 and M2
gene segments, which encode viral outer capsid proteins (orl and tLIc) involved in receptor binding and host
cell membrane penetration. These same gene segments also determine differences in the capacity of reovirus
strains to induce apoptosis, and again a significant correlation between the capacity of TIL x T3D reassortant
reoviruses to both activate JNK and phosphorylate c-Jun and to induce apoptosis was shown. The extracellular
signal-related kinase (ERK) is also activated in a strain-specific manner following reovirus infection. Unlike
JNK activation, ERK activation could not be mapped to specific reovirus gene segments, suggesting that ERK
activation and JNK activation are triggered by different events during virus-host cell interaction.

Mitogen-activated protein kinases (MAPKs) play a critical activation have been identified (34, 36, 38, 43, 57). Virus-
role in the transduction of a wide variety of extracellular sig- induced MAPK activation, including JNK and p38, has also
nals (22). MAPKs include the extracellular signal-related ki- been described (19, 31, 32, 42, 44, 49, 54, 63), as has the
nases (ERKs), which are activated by growth factors and many activation of MAPK-associated transcription factors (33, 42,
other mitogenic stimuli (11) and are generally thought to have 54, 63). However, the reason for their activation following
antiapoptotic properties, and the c-Jun N-terminal kinases infection remains largely unclear.
(JNKs, also called stress-activated protein kinases, SAPKs) Reovirus is a double-stranded RNA virus that induces apo-
(16, 39) and p38 MAPKs (23, 40, 53), which are activated by ptosis in cultured cells in vitro (46, 50, 58) and in target tissues
stress stimuli and function to communicate growth-inhibitory in vivo including the central nervous system and heart (14, 46,
and apoptotic signals within cells. It is thought that the com- 47). Reovirus-induced apoptosis correlates with pathology in
mitment to apoptosis and determination of cell fate may in- vivo and is a critical mechanism by which disease is triggered in
volve the balance between the activity of the JNK and p38 the host (14, 47). Strain-specific differences in the capacity of
kinases and that of ERK (7). For example, the inhibition of reoviruses to induce apoptosis are determined by the viral S1
ERK activity and the coordinate activation of JNK and p38 and M2 gene segments (58, 59). Reovirus-induced apoptosis
kinase correlate with the induction of apoptosis in nerve requires viral binding to cell surface receptors, including junc-
growth factor-deprived PC12 pheochromocytoma cells (61), tional adhesion molecule (2), but not completion of the full
Fas-treated Jurkatt cells (37, 60), and UV-irradiated mouse viral replication cycle (50, 58). Reovirus induces apoptosis by a
fibroblasts (3). p53-independent mechanism that involves cellular proteases

Infection with a wide variety of viruses can result in pertur- including calpains (15) and caspases (10), is dependent on
bation of host cell signaling pathways including MAPK cas- reovirus-induced NF-KB activation (2, 12), and is inhibited by
cades. Some viruses show a dependence on the ERK signaling overexpression of Bcl-2 (50).
cascades for replication, and viral proteins that induce ERK We have previously shown that reovirus-induced apoptosis is

mediated by tumor necrosis factor (TNF) related apoptosis-
inducing ligand (TRAIL) (10), which is released from infected

* Corresponding author. Mailing address: Department of Neurology cells, and can be inhibited by antibodies against TRAIL or by
(127), Denver VA Medical Center, 1055 Clermont St., Denver, CO treatment of infected cells with soluble forms of TRAIL re-
80220. Phone: (303) 393-2874. Fax: (303) 393-4686. E-mail: Ken.Tyler ceptors. TRAIL interacts with several members of the TNF
@uchsc.edu.

t Present address: Institute de Biologie Cellulaire et de Morpholo- receptor superfamily including the apoptosis-associated recep-
gie, Lausanne, Switzerland. tors DR4 (TRAIL-Ri) and DR5 (TRAIL-R2/TRICK2/KILL-
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ER). These receptors contain an intracellular 80-amino-acid
"death domain" (reviewed in reference 1), which is indispens- D Mock [ T1L U T3D
able for apoptosis since it interacts with death domains found 800-

in cytoplasmic adapter proteins such as TNF-Rl-associated .' 700

death domain protein (29) and Fas-associated protein with . s
death domain (5, 8). Adapter proteins have additional domains 5400 . .. . ...

that enable interaction with the prodomains of apoptotic 30o T

caspases (4, 17, 45) and with members of the TNF receptor- 2W00 T

associated factor family (27, 28) of molecules involved in the 0

activation of NF-KB and JNK (52, 56). In addition to activating Hrs PI 0 5 10 24
apoptotic caspases, TRAIL-receptor activation in reovirus-in-

fected cells is thus also likely to result in the activation of FIG. 1. Reovirus activates JNK infected cells. L929 cells were in-
NF-KB (35) and JNK (30). fected with two different serotypes of reovirus, TIL and T3D (MOI,

100) or were mock infected. At various times p.i., lysates were pre-
The capacity of reovirus to induce apoptosis through a pared and JNK activity was determined by in vitro kinase assays. The

TRAIL-dependent pathway in infected cells suggests that pro- graph shows the mean JNK activity, as measured by c-Jun phosphor-

apoptotic MAPKs, including JNK, might be activated in reo- ylation (arbitrary imager units), of three independent experiments.

virus-infected cells. Reovirus infection also disrupts cell cycle Error bars represent standard errors of the mean.

regulation by inducing a G2/M arrest (48), suggesting that
ERK, which promotes cell cycle progression, might also be
inhibited following reovirus infection. This study investigated removed by centrifugation at 8,000 x g for 5 min. The protein concentration was

determined by a Bradford assay using bovine serum albumin as a standard. JNKthe activation of MAPKs in reovirus-infected cells. We showed activity was measured using a solid-phase kinasc assay in which glutathionc

that reovirus infection causes the selective activation of both S-transfcrase-c-Jun bound to glutathione-Scpharose 4B beads was used to af-

the JNK and ERK MAPK cascades. Strain-specific differences finity purify JNK from cell lysates as described previously (20, 25). The phos-

in JNK, but not ERK, activation are determined by the viral S1 phorylation of glutathione S-transferase-c-Jun was quantitated with a Phosphor-
and M2 gene segments, suggesting that different mechanisms imager instrument (Molecular Dynamics). ERK activation was measured by first

incubating the lysate with 2 pKg of an anti-ERK2 antibody (Santa Cruz Biotech-
are involved in the activation of these kinases in reovirus- nology, Inc.) per ml for 1 hr at 4°C with agitation followed by the addition of 15
infected cells. The viral S1 and M2 gene segments also deter- lil of a slurry of protein A-Sepharose beads (no. P-3391; Sigma) and a further

mine differences in the capacity of reoviruses to induce apo- 20-min incubation at 4'C. The beads were washed twice with 1 ml of lysis buffer

ptosis, and we now show that there is a significant correlation and twice with 1 ml of lysis buffer without Triton X-100. A 35-pA volume of the
last wash was left in the tube, mixed with 20 lIi of ERK reaction mix (50 mM

between the capacity of reassortant reoviruses to activate JNK p-glycerophosphate, 100 p.M Na3VO 4, 20 mM MgCI2 , 200 pxM ATP, 0.5 p.Ci of
and to induce apoptosis. Blocking TRAIL-receptor interaction [-y-

32
P]ATP per p.l 400 piM epidermal growth factor receptor peptide 662-681,

does not prevent the early activation of c-Jun by reovirus, 100 p.g of IP-20 per [dl, 2 mM EGTA), and incubated for 20 min at 20°C. The

indicating that death receptor-independent signaling pathways reaction was stopped with 10 p.1 of 25% trichloroacetic acid, and the reaction

are required for reovirus-induced JNK activation. product was spotted on P81 Whatman paper. The samples were washed three
times for 5 min each in 75 mM phosphoric acid and once for 2 min in acetone.
They were then air dried, and their radioactivity was measured in a 0-counter.

MATERIALS AND METHODS The activity of p38 was measured as described by Gerwins et al. (21).

Cells and virus. Mouse L929 cells (ATCC CCL1) were grown in Joklik's Apoptosis assays and reagents. At 48 h after infection with reovirus, the cells

modified Eagle's medium supplemented to contain 5% fetal bovine serum and 2 were harvested and stained with acridine orange, for determination of nuclear

mM L-glutamine (Gibco BRL). Reovirus strains Type 3 Abney (T3A), Type 3 morphology and ethidium bromide in order to distinguish cell viability, at a final

Dearing (T3D), and Type 1 Lang (TIL) are laboratory stocks, which have been concentration of 1 lpg/ml (18). Following staining, the cells were examined by

plaque purified and passaged (twice) in L929 (ATCC CCL1) cells to generate epifluorescence microscopy (Nikon Labophot-2; B-2A filter; excitation, 450 to

working stocks (59). TIL X T3D reassortant viruses were grown from stocks 490 nm; barrier, 520 nm; dichroic mirror, 505 nm). The percentage of cells

originally isolated by Kevin Coombs, Max Nibert, and Bernard Fields (6, 13). containing condensed nuclei and/or marginated chromatin in a population of 100

Virus infections were performed at a multiplicity of infection (MOI) of 100 to cells was recorded. The specificity of this assay has been previously established in

ensure that 100% of susceptible cells were infected and to maximize the syn- reovirus-infected cells by using DNA-laddering techniques and electron micros-

chrony of virus replication, copy (10, 58). Soluble death receptors (Fc:DR5 and Fc:DR4) were obtained

Western Blot analysis and antibodies. Following infection with reovirus, cells from Alexis Corp. (Pittsburgh, Pa.).

were pelleted by centrifugation, washed twice with ice-cold phosphate-buffered
saline, and lysed by sonication in 200 pl. of a buffer containing 15 mM Tris (pH RESULTS
7.5), 2 mM EDTA, 10 mM EGTA, 20% glycerol, 0.1% NP-40, 50 mM B-mer-
captoethanol, 100 ;.g of leupeptin per ml, 2 pVg of aprotinin per ml, 40 K.M Reovirus activates JNK in infected cells. We first investi-
Z-Asp-2,6-dichlorobenzoyloxime, and 1 mM phenylmethylsulfonyl fluoride. The
lysates were then cleared by centrifugation at 16,000 X g for 5 min, normalized gated whether JNK was activated in reovirus-infected cells.
for protein amount, mixed 1:1 with SDS sample buffer (100 mM Tris [pH 6.81, L929 cells were infected (MOI, 100) with two prototype strains
2% sodium dodecyl sulfate [SDS], 300 mM P3-mercaptoethanol, 30% glycerol, of reovirus, T3D and TIL. At 0, 5, 10 and 24 h postinfection
5% pyronine Y), boiled for 5 min and stored at -70'C. Proteins were subjected (p.i.), the cells were harvested and the presence of JNK activity
to SDS-polyacrylamide gel electrophoresis (PAGE) (10% polyacrylamide gets)
and probed with antibodies directed against phospho-ERK, phospo c-Jun, and was detected by in vitro kinase assays (Fig. 1). In three inde-
total c-Jun (New England Biolabs, Beverly, Mass.). All lysates were standardized pendent experiments, JNK activity was significantly increased
for protein concentration with antibodies directed against actin (no. CP01; On- (P < 0.01) at 24 h p.i. in T3D-infected cells compared to
cogene, Cambridge, Mass.). Autoradiographs were quantitated by densitometric mock-infected cells. However, JNK activity was not signifi-
analysis using a Fluor-S Multilmager (Bio-Rad Laboratories, Hercules, Calif.).

In vitro kinase assays. L929 cells were solubilized in TX-100 lysis buffer (70 cantly increased (P > 0.05) at 24 h p.i. in TiL-infected cells
mM 3-glycerophosphate, 1 mM EGTA, 100 pM Na3VO 4, 1 mM dithiothreitol, compared to mock-infected cells. An increase in JNK activity
2 mM MgCI2, 0.5% Triton X-100, 20 lpg of aprotinin per ml). Cellular debris was was apparent in T3D-infected cells at 10 h p.i. Although sta-
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FIG. 2. c-Jun is activated following infection with reovirus. Cells were infected with different strains of reovirus (MOI, 100) and were harvested
at various times p.i. (A and C) Extracts were standardized for protein concentration, using an anti-actin antibody, and equal amounts of protein
were separated by SDS-PAGE and probed with antibodies directed against phosphorylated (A) or total (C) c-Jun. Bands corresponding to
phosphorylated and unphosphorylated c-Jun are shown. The gels are representative of at least two independent experiments. (B) Graphical
representation of the Western blot shown in panel A, showing the fold increase in the levels of phophorylated c-Jun over time.

tistically significant, variability in JNK activity was greater in reovirus infection. Cells were infected with three different
the T3D-infected cells at 24 h p.i. than for other times and strains of reovirus, T1L, T3D, and T3A, the second prototypic
conditions, reflecting the increase in the mean value. T3 strain. The cells were then harvested at various times p.i.,

Levels of phosphorylated c-Jun are increased in reovirus- and the activation state of c-Jun was determined by Western
infected cells. The activation of JNK results in the phosphor- blot analysis using an antibody directed against the phosphor-
ylation and activation of the transcription factor c-Jun, which ylated, activated form of c-Jun. Levels of phosphorylated c-Jun
in turn regulates the transcription of a multitude of cellular were increased in cells infected with the T1L, T3D, and T3A
genes. Having shown that JNK was activated in reovirus-in- strains compared to those in mock-infected cells (Fig. 2). In-
fected cells, we wished to determine whether the JNK-depen- creased levels of activated c-Jun were present 12 h p.i., which
dent transcription factor c-Jun was also activated following closely parallels the activation of JNK (Fig. 1). There were
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TABLE 1. Reovirus-induced JNK activation is determined by the S1 and M2 gene segments

Virus strain' JNK activity Reovirus gene segment
(imager units) Li L2 N Mil M2 M3 SI S2 S3 S4

EB97 189,000 T3D T3D TiL T3D T3D T3D T3D T3D T3D TIL
T3D 108,000 T3D T3D T3D T3D T3D T3D T3D T3D T3D T3D
EB13 108,000 T3D T3D T3D T3D T3D T3D T3D T3D T3D TIL
H15 102,000 TIL T3D T3D TIL T3D T3D T3D T3D T3D T1L
KC150 84,000 T3D T1L T1L T1L T3D TIL T3D T3D T1L T3D
EB121 81,000 T3D T3D T1L T3D T1L T3D T1L T3D T3D T3D
EBI 78,000 TIL T3D T1L TIL T3D TIL T1L TIL T3D T1L
EB85 75,000 TIL TIL TIL T1L T1L T3D T1L T3D TIL TIL
EB31 63,000 T1L TIL TIL T3D T1L TIL T1L T3D T3D TIL
TIL 54,000 T1L T1L T1L T1L TIL TIL TIL T1L TIL TIL
H41 24,000 T3D T3D T1L TIL TIL T3D T1L T3D T3D T1L
None (mock) 20,000

t test 0.33 0.18 0.19 0.15 0.026 0.20 0.04 0.24 0.19 0.83
M-W test 0.17 0.16 0.08 0.12 0.014 0.22 0.008 0.29 0.24 0.41

' I test and M-W values are P values, with significant values in bold type.

serotype-specific differences in the ability of reovirus to phos- ysis, we obtained R2 values of 48.6% (P = 0.017) for the S1
phorylate c-Jun with T3 strains (T3D and T3A), inducing gene segment and 42.5% (P = 0.03) for the M2 gene segment.
higher levels of phosphorylated c-Jun at earlier times p.i., and These results indicate that both the S1 and M2 gene segments
TIL strains. For example, at 12 h p.i., the levels of phosphor- contribute to strain-specific differences in the capacity of reo-
ylated c-Jun were increased 8-fold in T1L-infected cells com- virus to activate JNK in infected cells. The nature of the reas-
pared to those seen in mock-infected cells whereas the levels of sortant pool tested, in which eight of nine viruses were con-
phosphorylated c-Jun were increased 24-fold in T3D-infected cordant for the parental origin of their S1 and M2 segments,
cells and 33-fold in T3A-infected cells. Some increase in c-Jun prevented us from more accurately defining the relative con-
phosphorylation was observed in mock-infected cells, which tributions of these two segments to JNK activation.
may be due to increasing cell confluence. We probed the same It is important to note that although statistical analysis iden-
lysates with an antibody that detects total c-Jun (both phos- tifies the S1 and M2 gene segments as important determining
phorylated and unphosphorylated forms [Fig. 2C]). These blots factors in the ability of reoviruses to induce JNK activation,
show that there was also an increase in the levels of total c-Jun some viruses with differing genotypes (e.g., KC150 and EB121)
in both mock and reovirus-infected cells. Also visible on these have closely related JNK activity levels. This suggests that
blots are bands corresponding to the phosphorylated form of nongenetic factors also contribute to reovirus-induced JNK
c-Jun (Fig. 2C). Once again, serotype-specific differences in the activation.
ability of reovirus to phosphorylate c-Jun were observed, with Reovirus-induced c-Jun phosphorylation and reovirus-in-
T3D and T3A inducing higher levels of phosphorylated c-Jun duced apoptosis are correlated. Reovirus prototypic strains
than TIL did. T

In support of the association between JNK activation and T3D and T3A induce more apoptosis in infected cells than TiL

c-Jun phosphorylation, there was a high correlation between (58, 59). Since our results indicate that Type 3 reoviruses also

the ability of reovirus to induce JNK activation and to phos- induce higher levels of phosphorylated c-Jun and JNK activity,

phorylate c-Jun (Pearson parametric correlation R2 = 0.99, we compared the ability of the prototypic strains of reovirus to

P = 0.0217). phosphorylate c-Jun at 12 and 18 h p.i. (Fig. 2) with their ability

Reovirus-induced JNK activation is determined by the Si to induce apoptosis (Fig. 3A and B). Apoptosis was measured

and M2 gene segments. Having shown that T3D activates JNK at 48 h p.i., and the apoptosis experiments were set up in

to a greater extent than TIL does, we wished to identify parallel to the c-Jun experiments to ensure that the experimen-
whether specific viral genes determined these differences. L929 tal conditions were as similar as possible. A significant associ-
cells were infected with a panel of T1L X T3D reassortant ation between the capacity of reoviruses to induce apoptosis
reoviruses (MOI, 100). At 24 h p.i., the cells were harvested and phosphorylate c-Jun was found (Pearson parametric cor-
and the JNK activity was determined by the in vitro kinase relation R2 = 0.964 using c-Jun values obtained at 12 h p.i. and
assay. JNK activation following infection with different reas- R2 = 0.9330 using c-Jun values obtained at 18 h p.i.). We also
sortant viruses, as well as with parental strains, and the deri- investigated whether there was a correlation between the ca-
vation of the various genome segments of each virus are shown pacity of TiL × T3D reassortants to phosphorylate c-Jun (Fig.
in Table 1. The results were analyzed using both parametric (t 3C) or activate JNK (Fig. 3D) and to induce apoptosis. Signif-
test) and nonparametric (Mann-Whitney [M-W] test) meth- icant associations between the capacity of reovirus reassortants
ods. The reovirus S1 (t test, P = 0.04; M-W test, P = 0.008) and to induce apoptosis and both activate JNK (Pearson paramet-
M2 (t test, P = 0.026; M-W test, P = 0.014) gene segments ric correlation R 2 

= 0.6077, P = 0.0028) and phosphorylate
were both significantly associated with strain-specific differ- c-Jun (Pearson parametric correlation R2 = 0.30, P = 0.0354)
ences in virus-induced apoptosis. Using linear-regression anal- were found. The larger pool of viruses used to generate the



VOL. 75, 2001 REOVIRUS-INDUCED INK ACTIVATION 11279

A R2= 0.96 B R2 = 0.93

30 (Mr (T3A),
Z 050

o 0T3D • 40
. 20 (TD) . 30 / ,(T3D)

S rL)" 20

1 I ) b 10 (TIL)S10 N • 10

0 20 40 60 80 100 0 20 40 60 80 100

% Apoptosis % Apoptosis

C D
R2= 0.30 R2= 0.61

. 4 * 200

S-.-S13

;> 100 Z

0 20 40 60 80 100 0 20 40 60 80

% Apoptosis % Apoptosis

FIG. 3. There is a correlation between the capacities of different prototype strains of reovirus to phosphorylate c-Jun and induce apoptosis and
between the capacities of T1L X T3D reassortant viruses to induce JNK activation or c-Jun phosphorylation and apoptosis. The abilities of different
strains of reovirus (T3A, T3D, and TIL) and mock (M) infection to induce increased levels of phosphorylated c-Jun, at 12 h (A) and 18 h (B) p.i.
(values taken from Fig. 2) and apoptosis are shown. Experiments to determine c-Jun phosphorylation and apoptosis were set up in parallel. (C)
The capacity of reovirus reassortants (MOI, 100) to induce phosphorylated c-Jun and apoptosis was plotted. Each point represents a single
reassortant virus. Lysates were harvested at 18 h p.i., standardized for protein concentration, and analyzed by Western blotting using an antibody
directed against phospho c-Jun. Apoptosis values were obtained in a parallel experiment and represent the mean value from three separate wells
(24-well tissue culture plate) of the same experiment. (D) The capacities of reovirus reassortants (MOI, 100) to induce JNK activity and apoptosis
were plotted. Each point represents a single reassortant virus. JNK activity values were taken from Table 1. Apoptosis values were obtained in a
parallel experiment and represent the mean value from three separate wells (24-well tissue culture plate) of the same experiment.

reassortant data enabled us to derive P values for these corre- T3D-infected cells (Fig. 4A and B). In fact, there seemed to be
lations. an increase in levels of phosphorylated c-Jun when cells were

Soluble TRAIL receptors block reovirus-induced apoptosis infected with reovirus in the presence of soluble TRAIL re-
but not reovirus-induced c-Jun activation. TRAIL receptor ceptors compared to levels seen in untreated, infected cells.
ligation results in the activation of JNK (30). We have previ- Conversely, the presence of soluble TRAIL receptors mark-
ously shown that reovirus-induced apoptosis requires TRAIL edly reduced the ability of T3D to induce apoptosis (Fig. 4C),
receptor ligation (10). We next investigated whether TRAIL indicating that inhibition of TRAIL receptor ligation inhibits
receptor activation was required for the activation of c-Jun in apoptosis but fails to reduce the activation of c-Jun in reovirus-
reovirus-infected cells. A combination of the soluble TRAIL infected cells. This suggests that pathways other than those
receptors Fc:DR5 and Fc:DR4 was used to inhibit the binding initiated by TRAIL contribute to reovirus-induced JNK acti-
of TRAIL to its functional cellular receptors. L929 cells were vation.
infected with T3D (MOI, 50) in the presence or absence of ERK, but not p38 MAPK, is activated following reovirus
Fc:DR5 and Fc:DR4 (final concentration, 100 ng/ml each) and infection. Having shown that JNK is activated in reovirus-
were harvested after 18 h. Lysates were then analyzed by West- infected cells we wished to determine whether other MAPK
ern blot analysis using an anti-phospho-c-Jun antibody. In par- pathways are also activated following reovirus infection. The
allel, cells were infected with reovirus in the presence of a activities of p38 and ERK were thus investigated in reovirus-
combination of Fc:DR5 and Fc:DR4 and were assayed for infected L929 cells (MOI, 100) at 24 and 48 h p.i. by in vitro
reovirus-induced apoptosis after 48 h (Fig. 4). The presence of kinase assays. T3D, but not TiL, infection resulted in the
soluble TRAIL receptors did not inhibit c-Jun activation in activation of ERK. ERK activation peaked at 24 h p.i., with a
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FIG. 4. Apoptosis but not c-Jun phosphorylation is inhibited in T3D-infected cells in the presence of the soluble TRAIL receptors Fc:DR5 and
Fc:DR4. In parallel experiments, cells were infected with T3D (MOI, 50) and were assayed for c-Jun activation at various times p.i. and for
apoptosis after 48 h. (A) Representative autoradiograph showing levels of phosphorylated c-Jun following infection with reovirus (T3D), in the
presence or absence of Fc:DR5 and Fc:DR4 (final concentrations, 100 ng/ml each). Equal amounts of protein, as determined by actin concen-
tration (data not shown), were loaded. (B) Graphical analysis of the results shown in panel A showing the fold increase in c-Jun phosphorylation
compared to that in mock-infected, untreated cells, at 12 h, 20 h, and 30 h p.i. (C) Graph showing the percentage of cells with apoptotic nuclear
morphology in reovirus (T3D)- or mock-infected cells in the presence or absence of soluble TRAIL receptors (final concentration, 100 ng/ml each).
Error bars represent standard errors of the mean from three separate wells (24-well tissue culture plate) of the same experiment.

four fold increase in the levels of ERK activation compared to results indicate that reovirus preferentially and selectively ac-
those in mock-infected cells (Fig. 5A). There was a slight tivates the JNK and ERK MAPK pathways.
decrease in p38 activity following infection with the T1L and Although we were able to show strain-specific differences in
T3D strains of reovirus (Fig. 5B). the activation of ERK in infected cells, we have been unable to

Since MAPKs can be activated rapidly in some systems, we map this phenomenon to a specific reovirus gene segment
also looked at MAPK activation at very early times (less than (results not shown), suggesting that ERK and JNK activation
2 h) after reovirus infection. Using antibodies directed against involve different types of virus-host cell interactions. The acti-
the phosphorylated, active form of ERK, we were able to show vation of ERK is generally associated with antiapoptotic ef-
that ERK had an additional activation peak at around 20 min fects. Conversely, the inhibition of ERK activity often corre-
p.i. (Fig. 5C). This activation peak was also strain specific, with lates with the activation of JNK and p38 kinase and the
T3D and T3A inducing more activity than T1L did. JNK and resultant induction of apoptosis. We therefore wished to in-
p38 were not activated within 2 h of infection (results not vestigate whether reovirus-induced apoptosis would be en-
shown). Taken together with our above-described data, these hanced by treatment with PD 98059, a chemical inhibitor of
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FIG. 5. Reovirus activates ERK but not p38 in infected cells. (A
and B) The activities of ERK (A) and p38 (B) were investigated in tion factor c-Jun. The phosphorylation of c-Jun is also a strain-
reovirus-infected L929 cells (MOI, 100) at 24 and 48 It p.i. by in vitro specific event, with the prototype 3 strains (T313 and T3A)
kinase assays. The graphs show fold activation compared to that in inducing more JNK activation than T1L does.
mock-infected cells. Error bars represent standard errors of the mean Strain-specific differences in JNK activation are determined
from three independent experiments. (C) ERK is activated at early b h 1 a d M e vr sg n e m ns h c oh e c dtimes after reovirus infection. L929 cells were infected with reovirus b h 1adM evrsgn emns hc ohecd
(MOI, 100) and harvested at various times p.i. Proteins were separated reovirus capsid proteins. The reovirus S1 gene is bicistronic,
by SDS-PAGE and subjected to Western blot analysis using antibodies encoding both the viral attachment protein al. and a non-
directed against phospho-ERK. Actin was used to standardize for virion-associated protein, arls, that is required for reovirus-
protein loading (data not shown). induced G2/M cell cycle arrest (48) but is not required for

reovirus growth in cell culture or for the induction of apoptosis

ERK activation. Cells were pretreated with 10 iRM PD 98059 (51, 59). Reovirus-induced c-Jun activation is not blocked fol-

for 2 h prior to infection with reovirus and were maintained in lowing infection by a otis-deficient virus strain (results not

medium in the presence of inhibitor for 48 h following infec- shown), indicating that urls is not required for c-Jun activation

tion. There was no change in reovirus-induced apoptosis in inroru-fetdclsThM2eg ntnoeshemn

cells treated with PD 98059 (Fig. 6A), even though ERK ac- evrsotrcpipoen Lwhhplyakyrlen
tivtio folowng eovrusinfcton as loced Fig 61). he membrane penetration and in the transmembrane transport of

activity of MIAPK p38 is decreased in reovirus-infected cells, ion(2,6,4)
and, as expected, chemical inhibitors of p38 (PD 169316 and The S1 and M2 gene segments also determine the ability of

SB 2219) dd nt afec reviru-inuce apptois reslts reovirus to induce apoptosis (59), and there is a correlation
not 202o90).ddntafcevrsidcdaotss(eut between the ability of different prototype reovirus strains, and

not sown).T313 X T1L reassortant reoviruses to induce apoptosis and to

activate JNK and/or phosphorylate c-Jun. This suggests that
DISCUSSION JNK activation and c-Jun phosphorylation and apoptosis either

Our results indicate that reovirus infection selectively in- are components of the same pathway that induces apoptosis
duces MAPK activation in infected cells. JNK is activated following reovirus infection or are components of distinct, par-
following reovirus infection in a strain-specific manner, with allel pathways induced by the same viral factors.
the type 3 prototype reovirus strain (T3D) inducing more JNK Reovirus-induced apoptosis is mediated by TRAIL-induced
activation than the type I prototype reovirus strain (T1L) does. activation of death receptors and is associated with the release
Reovirus-induced JNK activation is associated with phosphor- of TRAIL from infected cells (10). TRAIL receptor activation
ylation, and hence activation, of the JNK-dependent transcrip- can also result in the activation of JNK (30), suggesting that
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apoptosis, p. 3.17.1-3.17.6. In J. E. Coligan, (ed), Current protocols in im-

KB, suggesting that virus-induced perturbation of gene expres- munology, John Wiley & Sons, Inc., New York, N.Y.
sion plays a critical role in viral pathogenesis and cytopathicity. 19. Eliopoulos, A. G., and L. S. Young. 1988. Activation of c-Jun N-terminal

kinase (JNK) by the Epstein-Barr virus-encoded latent membrane protein 1This is confirmed by our recent studies showing that reovir-us (LMP-1). Oncogene 16:1731-1742.
infection is associated with alterations in the expression of a 20. Gardner, A. M., and G. L. Johnson. 1996. Fibroblast growth factor 2 sup-
number of host cell genes involved in the regulation of cell pression of tumor nerosis factor alpha-mediated apoptosis requires Ras and

the activation of mitogen-activated protein kinase. J. Biol. Chem. 271:14560-cycle, apoptosis, and DNA repair (R. DeBiasi, personal com- 14566.
munication). In addition, one of the largest functional groups 21. Gerwins, P., J. L. Blank, and G. L. Johnson. 1997. Cloning of a novel
of genes whose expression is altered following reovirus infec- mitogen-activated protein kinase kinase kinase, MEKK4, that selectively

regulates the c-Jun amino terminal kinase pathway. J. Biol. Chem. 272:8288-tion is the group associated with interferon activation, consis- 8295.
tent with the known role of c-Jun in the optimal induction of 22. Graves, J. D., J. S. Campbell, and E. G. Krebs. 1995. Protein serine/threo-

nine kinases of the MAPK cascade. Ann. N. Y. Acad. Sci. 766:320-343.alpha-1 and beta interferon transcription (9) and onset of the 23. Han, J., J. D. Lee, L. Bibbs, and R. J. Ulevitch. 1994. A MAP kinase targeted
antiviral response (55). by endotoxin and hyperosmolarity in mammalian cells. Science 265:808-811.
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TRAIL (TNF-related apoptosis-inducing ligand) induces as type II membrane proteins that are cleaved into
apoptosis in susceptible cells by binding to death soluble, active forms and which bind to members of the
receptors 4 (DR4) and 5 (DR5). TRAIL preferentially TNF receptor super-family. Ligand-mediated receptor
induces apoptosis in transformed cells and the identifica- activation triggers a cascade of events that begins with
tion of mechanisms by which TRAIL-induced apoptosis death receptor (DR) oligomerization and the close
can be enhanced may lead to novel cancer chemother- association of their cytoplasmic death domains (DDs).
apeutic strategies. Here we show that reovirus infection This is followed by DD-associated interaction with
induces apoptosis in cancer cell lines derived from human adapter molecules and cellular proteases critical to DR-
breast, lung and cervical cancers. Reovirus-induced induced apoptosis, including the initiator caspase,
apoptosis is mediated by TRAIL and is associated with caspase 8 and its associated effector caspases, caspases
the release of TRAIL from infected cells. Reovirus .3 and 7 (reviewed in Ashkenazi and Dixit, 1998). In
infection synergistically and specifically sensitizes cancer addition to activating caspase 8, TRAIL-induced
cell lines to killing by exogenous TRAIL. This apoptosis is also associated with the cleavage of Bid
sensitization both enhances the susceptibility of pre- and the loss of mitochondrial potential (Belka et al.,
viously resistant cell lines to TRAIL-induced apoptosis 2001). TRAIL induces apoptosis by binding to the
and reduces the amount of TRAIL needed to kill already TNF receptor super-family members DR4 (also called
sensitive lines. Sensitization is not associated with a TRAIL-R1) and DR5 (also called Apo2, TRAIL-R2,
detectable change in the expression of TRAIL receptors TRACK2 or KILLER). TRAIL can also bind to the
in reovirus-infected cells. Sensitization is associated with receptors DcR-1 (for Decoy Receptor 1) and DcR-2
an increase in the activity of the death receptor- that do not transmit apoptotic signals and can prevent
associated initiator caspase, caspase 8, and is inhibited the induction of apoptosis in TRAIL-treated cells.
by the peptide IETD-fmk, suggesting that reovirus Many cancer chemotherapeutic drugs in clinical use
sensitizes cancer cells to TRAIL-induced apoptosis in a induce apoptosis in sensitive cells suggesting that
caspase 8-dependent manner. Reovirus-induced sensitiza- death-receptor ligands might prove useful as cancer
tion of cells to TRAIL is also associated with increased therapeutic agents. Unfortunately, the apoptosis-in-
cleavage of PARP, a substrate of the effector caspases 3 ducing ligands FasL and TNF are also toxic to non-
and 7. Oncogene (2001) 20, 6910-6919. transformed cells (Nagata, 1997). TRAIL induces

apoptosis in a variety of transformed cells (Wiley et
Keywords: apoptosis; TRAIL; reovirus; caspase 8; al., 1995; Pitti et al., 1996), including cells derived from
chemotherapy lung, breast, colon, kidney, brain and skin cancers

(Ashkenazi et al., 1999) and is effective at reducing
mammary adenocarcinoma growth in mice (Walczak et

Introduction al., 1999). Although normal cultured hepatocytes do
show some sensitivity to TRAIL-induce d killing (Jo et

TNF-related apoptosis-inducing ligand (TRAIL, also al., 2000), this toxicity can be overcome by simulta-
called Apo2L) belongs to a family of structurally neous exposure to the caspase inhibitor, Z-LEHD-fmk
related molecules, which also includes TNF, Fas ligand (Ozoren et al., 2000).
(FasL), and APO3 ligand. These ligands are expressed TRAIL kills cancer cells derived from a variety of

human cancers of diverse type. However, cancer cells
of all types appear to differ in their sensitivity to
TRAIL-induced apoptosis (Keane et al., 1999; Zhang
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Avenue, Denver, Colorado 80262, USA; E-mail: Ken.Tyler@auchsc.edu sensitivity is thus crucial in designing TRAIL-based
Received 2 June 2001; revised 16 July 2001; accepted 16 July 2001 cancer therapeutic strategies. TRAIL induced apopto-
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sis is dependent, in part, on the surface expression of (multiplicity of infection, MOI 100) and were harvested
its receptors (Zhang et al., 1999) and agents which and assayed for apoptosis at 48 h post infection. We
increase the cell surface expression of DR4 and DR5 first assayed apoptosis by determination of the
enhance TRAIL-induced killing in some epithelial- percentage of cells with apoptotic nuclear morphology
derived tumor cells (Gibson et al., 2000). Alteration in (Figure IA). The specificity of this assay for the
receptor expression, however, does not fully explain detection of apoptotic nuclear morphology in reo-
TRAIL sensitivity (Keane et al., 1999; Zhang et al., virus-infected cells has been previously established by
1999; Cuello et al., 2001). our laboratory using DNA laddering techniques and

Reovirus infection induces apoptosis in cultured cells electron microscopy (Tyler et al., 1995). HeLa cells,
in vitro (Tyler et al., 1985, 1995, 1996). Apoptosis which have previously been shown to be susceptible to
occurs through a p53-independent mechanism that both reovirus-infection and reovirus-induced apoptosis
involves cellular proteases including caspases and (Connolly et al., 2000), were used as positive controls.
calpains (DeBiasi et al., 1999). Reovirus-induced Reovirus induced significant (P<0.05) apoptosis in all
apoptosis in HEK293 cells is mediated by TRAIL of the cancer cell lines tested, but with different degrees
and is inhibited by anti-TRAIL antibodies or by of efficiency. HeLa, A549 and MDA231 cells were the
soluble forms of DR4 and DR5 (Clarke et al., 2000).
Reovirus infection results in the release of TRAIL

s0
from infected HEK293 cells and reovirus sensitizes A 7__o
these cells to TRAIL-induced killing (Clarke et al., " 60
2000). In neonatal mice, reovirus also induces 40 - .....
apoptosis in infected tissues in vivo (Oberhaus et al., 40

1997, 1998; DeBiasi et al., 2001). However, reovirus 320

infection is not associated with significant disease in 20

adult mice or in humans. Reovirus infection may Net, HIS7 A549 MDA231 ZR75-1
therefore provide a useful model system for investiga- - - 0
tions of TRAIL-induced apoptosis in cancer cells. A LUNG BREAST
better understanding of how reovirus infection sensi- 4
tizes cancer cells to TRAIL-induced cell death m ay B 3--.5 ........ ......... . . . . .

3'suggest novel mechanisms for increasing the efficacy of 2.5 ..
TRAIL as a cancer therapeutic agent. e 2 --------_---

Reovirus has previously been shown to induce killing 1.1 7 1
of human glioblastoma cells in vitro as well as inducing
regression of transplanted tumors in mice, although the 2 O.s
mechanism for reovirus-induced 'oncolysis' has not U_ 0

been fully identified (Coffey et al., 1998; Strong et al., HeL, H57 A549 MA231 ZR75-1
1998). We now show that reovirus kills cancer cells by LN 4 BREAST0

apoptosis and that this apoptosis is both mediated by C [__________57___A4_______1________
TRAIL and is associated with the release of TRAIL M HeL. M HI57 0 A549 0 MDA

from infected cells. We further show that reovirus 1o
specifically sensitizes cancer cell lines to TRAIL- 8,_r
induced apoptosis and that this sensitization requires
the. activation of caspase 8 and is associated with
increased activity of effector caspases. 54

H Post Infection 0 24 48

Results Figure I Reovirus induces apoptosis in human tumor cell lines.
(A) Cell lines derived from human cervical (HeLa), lung (H157

Reovirus and TRAIL induce similar amounts ofapoptosis and A549) and breast (MDA231 and ZR75-1) cancers were
in human cancer cells infected with reovirus (MOI 100) and were harvested and assayed

for apoptosis at 48 h post infection. In a parallel experiment cells
It has been reported that reovirus can infect and kill were treated with TRAIL (200 ng/ml). The graph shows the mean
cancer cells (Coffey et al., 1998; Strong et al., 1998). Our per cent apoptosis in reovirus (black bars), mock-infected (clear
previous work in tissue culture has shown that reovirus- bars) and TRAIL-treated (shaded bars) cancer cells from at least

three separate experiments. Error bars represent standard errors
induced killing of many types of non-cancerous cells of the mean. (B) Caspase 3 activation in reovirus (MOI 100)
(Tyler et al., 1985, 1995, 1996) and of cells derived from compared to mock-infected cancer cell 'lines, at 24 h post
a human cervical carcinoma (HeLa cells) is due to infection, as determined by ftuorogenic substrate assay. The
apoptosis. We therefore wished to determine whether graph shows the mean fold-increase in fluorescence from at least
reovirus induced killing of other cancer cell lines was three separate experiments. Error bars represent standard errors
duevirus induced.kCellnlinesoderivednfromctwo different of the mean. (C) One step growth curves of reovirus in human
due to apoptosis. Cell lines derived fr'om two different cancer cell lines used. Cells were infected with reovirus and were

human lung (A157 and H549) and breast cancers harvested and assayed for growth at 24 and 48 h post infection.

(MDA231 and ZR75-1) were infected with reovirus The graph shows Logl0 virus yield over time
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most susceptible to reovirus-induced apoptosis whereas A 80
H157 and ZR75-1 cells showed the least susceptibility.
These differences were not caused by differences in viral 60

growth since one-step growth curves indicated that ce4l
reovirus grows efficiently and equivalently in all the cell
lines (Figure 1C). < 20

The sensitivity of cells to reovirus-induced apoptosis 0
was compared to their sensitivity to TRAIL-induced HeLa H1-157 A549 MDA231 ZR75-1

apoptosis. Cells were treated with 200 ng/ml TRAIL
and assayed for apoptosis after 24 h. All but one B 80.
(ZR75-1) of the cell lines tested demonstrated 70

significant sensitivity (P<0.05) to TRAIL induced 602 50 ----
apoptosis (Figure IA). A significant correlation was 0 40
shown between the sensitivity of these cancer lines to <30

reovirus-induced and TRAIL-induced apoptosis (Pear- Z 20

son linear correlation test: correlation coefficient 10

(R) = 0.9154, coefficient of determination (R Reovirus +- . .

sq.)=0.8380, P value (2-tailed) 0.0291). MDA231 MDA231DcR-I
To confirm that reovirus-induced killing of cancer C 50

cells was due to apoptosis we investigated the activity 4 .
S 40 -- ----------

of the apoptosis-specific effector caspase, caspase 3, in
reovirus-infected cells. Reovirus infection induced a , 30 .

twofold or more activation of caspase 3 in all of the 30

<20cell lines tested except for ZR75-1 cells. The smaller
increase in caspase 3-activation (1.3-fold), seen in 10
ZR75-1 cells corresponds to the low level of apoptosis 0
induced in these cells following reovirus infection Reovirus - + .+ - + + + - ++ - + + + ++
(Figure IB).

HeLa H1157 A549 MDA231 ZR75-1

Reovirus induced apoptosis is mediated by TRAIL Figure 2 Reovirus induced apoptosis of cancer cells is inhibited
by soluble TRAIL receptor (Fc:DR5) or the over-expression of

Reovirus induced apoptosis of HEK293 and L929 cells DcR-1 and is associated with the release of TRAIL from infected

requires the binding of TRAIL to the apoptosis- cells. (A) Human cancer cell lines were infected with reovirus

inducing cell surface receptors DR4 and DR5 (Clarke (MOT 50), in the absence (black bars) or presence of soluble
TRAIL receptor (Fc:DR5, shaded bars) or a soluble control

et al., 2000). Soluble TRAIL receptors (Fc:DR4 and receptor (Fc:TNFR, grey bars) and were assayed for apoptosis

Fc:DR5), but not soluble TNF receptor (Fc:TNFR), 48 h following infection with reovirus. (B) MDA231 cells over-

specifically inhibit TRAIL-induced apoptosis by bind- expressing DcR-I (MDA23lDcR-1) and MDA231 cells expres-

ing TRAIL and preventing its interaction with sing vector control were infected with reovirus. Forty-eight hours
functional cell surface DR4 and DR5 (Clarke et al., following infection cells were harvested and assayed for the

presence of apoptotic nuclear morphology. (C) Twenty-four hours
2000). We wished to determine whether reovirus- following infection of cells with reovirus (MOI 100) the super-

induced apoptosis of cancer cell lines was also natant was collected and transferred onto a TRAIL-sensitive

mediated by TRAIL. Human lung, breast and cervical indicator cell line (HeLa). After a further 24 h the indicator cells

cancer cell lines were infected with reovirus (MOI 50), were assayed for apoptosis. Empty bars represent supernatants
from mock infected cells, black bars represent supernatants from

in the presence or absence of soluble TRAIL receptor reovirus infected cells, grey bars represent supernatants from
(Fc:DR5) or a soluble control receptor (Fc:TNFR), reovirus infected cells that were treated with Fc:DR5 to determine

and assayed for apoptosis 48 h following infection with that the apoptosis seen in the indicator cell line was TRAIL-

reovirus. Reovirus-induced apoptosis in all of the specific and shaded bars represent supernatants from reovirus

cancer cell lines, except ZR75-1, was significantly infected cells that were treated with anti-reovirus antibody to
ensure that apoptosis in the indicator cell line was not due to any

inhibited (P<0.05), by treatment with Fc:DR5, but reovirus present in the transferred supernatant. The graphs (A, B

not by Fc:TNFR, indicating that apoptosis in these and C) show per cent apoptosis from three separate experiments.

cells is mediated by TRAIL (Figure 2A). In the case of Error bars represent standard errors of the mean

ZR75-1 cells, the low basal level of reovirus-induced
apoptosis may have precluded the determination of a
significant level of inhibition, flow cytometry (data not shown). These cells were then

To further demonstrate the involvement of TRAIL infected with reovirus (MOI 100) and assayed for
in reovirus-induced apoptosis we next showed that apoptosis after 48 h (Figure 2B). Over-expression of
reovirus-induced apoptosis could be inhibited in a cell DcR-1 significantly (P<0.01) inhibited reovirus-in-
line that stably over-expresses the anti-apoptotic duced apoptosis in MDA-231 cells, when compared
TRAIL receptor, DcR-1. MDA-231 cells were trans- to MDA-231 control cells transfected with empty
fected with a vector expressing DcR-1 and enhanced vector, again indicating that TRAIL plays a key role
cell surface expression of DcR-1 was determined by in reovirus-induced apoptosis.
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TRAIL is released fioro reovirus infected cancer cells either agent alone, and the amount of apoptosis seen

with TRAIL and reovirus together was significantly
TRAIL is normally expressed as a type II membrane different from the sum of reo- and TRAIL-induced
protein that is cleaved into a soluble form. We have apoptosis when each was administered separately. To
previously shown that TRAIL is released from confirm that cell death resulting from a combination of
reovirus-infected HEK293 cells (Clarke et al., 2000). reovirus-infection and TRAIL treatment was due to
We next investigated whether TRAIL was released apoptosis we also showed that a combination of
from reovirus-infected cancer cells into the super- reovirus and TRAIL, but not the same doses of
natant. Twenty-four hours following infection of reovirus or TRAIL alone, produced oligosomal DNA
cancer cells with reovirus the supernatant was collected fragmentation, also known as 'DNA laddering' (Figure
and transferred onto a TRAIL-sensitive indicator cell 3B).
line (HeLa). After a further 24 h the indicator cells Reovirus infection also significantly (P<0.05) aug-
were assayed for apoptosis. Significant apoptosis mented apoptosis induced in ZR75-1 and H157 cells by
(P<0.05) was induced in the indicator cell line an activating Fas antibody (0.025 yg/ml) compared to
following treatment with supernatant collected from cells treated with either the antibody or reovirus alone
reovirus-infected, but not from mock-infected Hela, (Figure 3C). This augmentation was additive rather
H157, A549 and MDA231 cells (Figure 2C). This
apoptosis was blocked by soluble DR5 (Fc:DR5)
indicating that the apoptosis seen in the indicator cells A 10
following supernatant transfer from reovirus-infected
cancer cells was specific to TRAIL. Supernatant from .• 80
reovirus-infected ZR75-1 cells did not induce signifi- 60 -
cant apoptosis in the indicator cell line. A neutralizing . 40
polyclonal anti-reovirus antisera, that we have pre- 10viously shown inhibits virus attachment, neutralizes 20
infectivity and blocks apoptosis induced by infectious 0 _ _.
virus (Tyler et al., 1996), did not block apoptosis TRAIL - + + - + +

induced in the indicator cells by supernatant transfer ZR75-1 - + +
from reovirus-infected cancer cells. This antibody did ZR75-1 H157

inhibit viral growth and virus-induced apoptosis in B TRAIL - + - + + +
reovirus-infected cancer cells (data not shown) indicat- Reo - - + + + +

ing that the apoptotic effects of infected cancer cell
supernatants are not due to the presence of infectious
virus.

Reovirus synergistically augments TRAIL-mediated
apoptosis in infected cancer cells

Reovirus infection sensitizes HEK293 cells to TRAIL-
induced apoptosis. We next wished to determine ZR75-1 H157
whether reovirus infection also sensitized cancer cells
to TRAIL-induced apoptosis, and if so, whether this 50
sensitization was specific for TRAIL-induced apoptosis C 40
or whether it also occurred with other death-receptor 30
associated ligands. ZR75-1 and H157 cells, which were 20
the cancer cell lines that showed the least susceptibility
to TRAIL (200 ng/ml)-induced apoptosis (Figure IA), 0
were infected with reovirus (MOI 10). After 24 h A
infected cells were treated with a low dose of TRAIL ActivatingFas ab + + - + +
(20 ng/ml) and apoptosis assays were performed after a Reo - +P+_+_+
further 24 h. In H157 and ZR75-1 cells neither low ZR75-1 H157
doses of TRAIL (20 ng/ml) or reovirus (MOI 10) alone
induce significant apoptosis compared to untreated Figure 3 Reovirus infection synergistically sensitizes cancer cells

to TRAIL-induced apoptosis but not to an activating Fas
cells (Figure 3A). However, when cells were infected antibody. (A) H157 and ZR75-1 cells were either mock-infected
with reovirus and were then treated with TRAIL the or infected with reovirus (MOI 10). After 24 h cells were treated
number of apoptotic cells was significantly increased with TRAIL (20 ng/ml), an activating Fas antibody (0.025 pg/
(P<0.05) when compared to uninfected cells, or to ml), or were left untreated. The graphs (A and C) show the mean

cells treated with either TRAIL or reovirus alone. The per cent of apoptotic nuclei in cells from three separate
experiments (error bars represent standard errors of the mean)

increase in apoptosis induced by a combination of in reovirus-infected TRAIL/Fas antibody treated cells. The gels
reovirus-infection and TRAIL treatment was synergis- (B) show the presence of fragmented DNA in the reovirus-
tic rather than additive, compared to that seen with infected, TRAIL-treated cells
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"than synergistic and the amount of apoptosis seen with A
a combination of antibody and reovirus was not 120

significantly different from the sum of reo- and 100
antibody-induced apoptosis when each was adminis- 2 80
tered separately. This indicates that the synergistic 60
sensitization of reovirus-infected cells to TRAIL is a ___40

specific event. 20

ý.M Doxorubicin 0 0.25 0.5 1 2 3

Reovirus does not augment doxorubicin-induced apoptosis

Doxorubicin is a cancer therapeutic agent that B
augments TRAIL induced apoptosis. Doxorubicin 70
induces apoptosis in treated cells, as demonstrated by 60 -t---- -.

caspase 3 activation (Keane et al., 1999) but this M -o *---- -- -50

apoptosis does not occur through cellular death a 40.............
receptors. We wondered whether reovirus infection E< 30
might enhance doxorubicin-induced, as well as TRAIL- • 20
induced, apoptosis. ZR75-1 cells, which are sensitized 10
to TRAIL-induced apoptosis following reovirus -infec- 0
tion, were treated with different concentrations of Treatment T D T/D T D
doxorubicin 24 h following reovirus or mock-infection No virus Reovirus
and were assayed for the presence of apoptotic nuclear
morphology after a further 24 h. Figure 4A shows that Figure 4 Reovirus infection does not sensitize cells to doxo-

rubicin-induced apoptosis. (A) ZR75-1 cells were infected with
doxorubicin concentrations of below 0.5 [LM did not reovirus (MOI 10, black bars) or were mock-infected (shaded
induce apoptosis in either infected or uninfected ZR75- bars). After 24 h cells were treated with increasing concentrations
1 cells, concentrations of 1- 2 vM induced around 60- of doxorubicin and were assayed for apoptosis after a further
80% apoptosis in either infected or uninfected cells and 24 h. (B) ZR75-1 cells were infected with reovirus (MOI 10) or

were mock-infected. After 24 h cells were treated with TRAILdoxorubicin concentrations of 3 jiM killed 100% of (T), doxorubicin (D) or a combination of TRAIL and
treated cells. There was no significant difference in doxorubicin (T/D). The graphs show the mean numbers of cells
doxorubicin-induced apoptosis in reovirus-infected, with apoptotic nuclear morphology from three separate experi-
compared to uninfected cells, at any of the doxorubicin ments. Error bars represent standard errors of the mean
concentrations tested. We selected concentrations of
0.25 and 0.5 ItM doxorubicin to further investigate the
effect of reovirus-infection on doxorubicin-induced to TRAIL-induced apoptosis is dependent, in part on
apoptosis. We also investigated the effect of TRAIL the expression of the apoptosis-inducing receptors DR4
(20 ng/ml) on doxorubicin-induced apoptosis. Cells and DR5. We therefore assayed TRAIL receptor
were infected with reovirus (MOI 10), or were mock- expression in reovirus-infected cancer cells to determine
infected. Twenty-four hours later cells were treated whether reovirus sensitizes cells to TRAIL-induced
with doxorubicin (0.25 and 0.5 jIM) and/or TRAIL apoptosis by altering TRAIL receptor expression in
(20 ng/ml) and were assayed for apoptosis after a infected cells. Gene expression was analysed in mock-
further 24 h. Figure 4B shows that reovirus-infection and reovirus-infected lung and cervical cancer cells by
does not significantly augment 0.25 uM doxorubicin- semi-quantitative RTPCR, 12 and 24 h post infection
induced apoptosis in ZR75-1 cells, compared to cells (Figure 5A) and by FACS analysis of cell surface
treated with 0.25 /M doxorubicin alone (similar results receptor expression in breast cancer cells, 24 h post
were obtained with 0.5 yM doxorubicin, results not infection (Figure 5B). DR5 mRNA was expressed in all
shown). As shown above ZR75-1 cells were sensitized the cell lines tested and did not alter following infection
to TRAIL-induced apoptosis following reovirus infec- with reovirus. DR5 cell surface expression was also
tion. Doxorubicin also augmented TRAIL-induced unaltered following infection with reovirus and FACS
apoptosis in ZR75-1 cells. Similar results were obtained analysis of DR5 staining in mock-infected and
in H157 cells (data not shown). These results suggest reovirus-infected cells produced identical traces (Figure
that reovirus infection does not sensitize cells to 5B). The expression of DR4 mRNA is dependent on
doxorubicin-induced apoptosis and supports our find- cell type. HeLa and H157 cells express DR4 mRNA
ing that the sensitization of reovirus-infected cells to whereas A549 cells express very little DR4 mRNA.
TRAIL is a specific event. However, there is no change in the expression of either

DR4 mRNA (Figure 5A), or of cell surface DR4

Reovirus infection does not alter the expression of TRAIL (Figure 5B), in cells following reovirus infection. The
receptors in cancer cell lines expression of neither DcR-1 nor DcR-2 mRNA wasaltered by reovirus infection (data not shown).

Having shown that reovirus specifically augments Taken together these results indicate that reovirus
TRAIL-induced apoptosis we wished to determine the infection does not alter TRAIL-receptor expression
mechanism by which this occurs. The sensitivity of cells and that changes in receptor expression do not
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MrC FrITC Figure 6 Reovirus infection increases the activation of caspase 8

in TRAIL treated cells and reovirus-induced sensitization of cells

Figure 5 Expression of TRAIL receptors following reovirus to TRAIL is blocked by an inhibitor of caspase 8 activity. (A)
infection in cancer cell lines. (A) Expression of TRAIL receptor High doses of TRAIL (200 ng/ml) alone and reovirus (MOI 100)
mRNA does not change in reovirus infected cells. Lung (A549 alone both induce the cleavage of procaspase 8 in H157 cells. (B)
and H157) and cervical (HeLa) cancer cells were infected with H157 cells were infected with reovirus (MOI 0, 10, 100). Twelve
reovirus (MOI 100). After 12 and 24 h cells were harvested and hours following infection cells were treated with low dose TRAIL
semi-quantitative RTPCR was performed using primers specific (20 ng/ml) and were harvested at various times post treatment.
for DR4, DR5, DcR-2 and actin. (B) Flow cytometric analysis of For the detection of caspase 8 activation extracts were run on
TRAIL receptor expression in breast cancer cells following tricine gels and were probed with antibody directed against pro-
infection with reovirus. MDA231 cells were infected with reovirus caspase 8. All samples were standardized for protein concentra-
(MOI 100). Twenty-four hours post infection cells were harvested, tion using actin (not shown). (C) ZR75-1 cells were either mock-
stained and analysed for surface expression of TRAIL receptors infected or infected with reovirus (MOI 10). After 24 h cells were
DR4 and DR5. The unlabeled traces correspond to mock and treated with TRAIL (20 ng/ml), or were left untreated, in the
reovirus-infected cells stained with an anti FITC antibody in the presence or absence of IETD-fimk (50 yM). The graph shows the
absence of antibody to DR4 or DR5 mean per cent of apoptotic nuclei in cells from three separate

experiments. Error bars represent standard errors of the mean

contribute to the capacity of reovirus infection to
sensitize cancer cells to TRAIL-induced killing. 100) to augment TRAIL-induced caspase 8 activation in

cells treated with low levels of TRAIL (20 ng/ml), that
Reolvirus-induced sensitization to TRAIL is associated are insufficient to activate caspase 8 by themselves. Hl157
Weoith us-indcreaseinstheation tof TRAILisas s d 8cells were infected with reovirus and 12 h following
with an increase in the activity of caspase 8 infection were treated with TRAIL (20 ng/ml). Cells

Since both TRAIL (Muhlenbeck et al., 1998) and were harvested 0 and 24 h later and extracts were run on

reovirus-induced (Kominsky et al., submitted) apoptosis tricine gels and were probed with antibody directed
are associated with the activation of caspase 8 we wished against pro-caspase 8 (Figure 6B). Pro-caspase 8 was not

to determine whether caspase 8 was involved in reovirus- cleaved in the presence of low doses (20 ng/ml) of

induced sensitization of cells to TRAIL. As expected TRAIL alone but was cleaved in the presence of TRAIL

high doses of TRAIL alone (200 ng/ml) and of reovirus (20 ng/ml) and reovirus, in a MOI-dependent manner

alone (MOI 100) activated caspase 8 in H157 cells, as (Figure 6B). These results indicate that reovirus

determined by the cleavage of pro-caspase 8 (Figure 6A). augments caspase 8 activation in TRAIL treated cells.

We next looked to see if the activity of caspase 8 was Having shown that reovirus-induced sensitization to

increased in reovirus-infected, TRAIL-treated cells TRAIL is associated with an increase in the activation

compared to cells treated with TRAIL alone. We tested of caspase 8 we next wanted to see if reovirus-induced

the ability of increasing doses of reovirus (MOI 0, 10, sensitization of cells was blocked using IETD-fmk, a
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peptide capable of inhibiting caspase 8 activity. The level of activation over a long period of time is
presence of IETD-fmk (50 jtM) significantly (P<0.05) sufficient for reovirus-induced apoptosis. Alternatively
reduced the ability of reovirus to sensitize cells to reovirus may induce increased levels of additional
TRAIL in both H157 (data not shown) and ZR75-1 effector caspases, which contribute to apoptosis in
cells (Figure 6C), providing further evidence that reovirus-infected cells. Certainly, the cancer cell lines
reovirus-induced sensitization of cells to TRAIL that we have used show a much higher caspase 3
involves a caspase 8-dependent pathway. activity (20 +fold) following TRAIL treatment (results

not shown).

Reovirus-nduced sensitization to TRAIL is associated Similar to a recent report that showed that cells that
were resistant to chemotherapy were also resistant towith an increase in the activity of effector caspases TRAIL (Cuello et al., 2001), there is a significant

Having shown that reovirus-induced sensitization to correlation between the sensitivity of the cancer cell
TRAIL is associated with an increase in the activation lines to apoptosis induced by reovirus and TRAIL.
of caspase 8 we next looked to see whether there was Further, reovirus-induced apoptosis is blocked both by
an increase in the activation of downstream, effector, the presence of soluble TRAIL receptor Fc:DR5 and
caspases in reovirus-infected, TRAIL-treated cells by the over-expression of DcR-1. These results indicate
compared to cells treated with TRAIL alone. The that reovirus-induced apoptosis in cancer cells is
effector caspases that have been shown to operate mediatted by TRAIL. Similar to- ou-r resultg in
downstream of caspase 8 are caspases 3 and 7. We HEK293 cells (Clarke et al., 2000) we now show that
thus examined the cleavage of the caspase 3 and 7 TRAIL is released from all but one of the cancer cell
substrate PARP, as a monitor of activation of effector lines tested following infection with reovirus.
caspases. Cells were infected with reovirus (MOI 0, 10, Reovirus-induced oncolysis has been previously
100) and were treated with TRAIL (20 ng/ml) 12 h described (Coffey et al., 1998). Our current results
following infection. After a further 3 h cells were indicate that oncolysis results from apoptosis and that
harvested and probed with an antibody directed TRAIL plays an essential role in this process. Other
against PARP. Figure 7 shows the disappearance of viruses may also utilize the TRAIL apoptotic pathway.
PARP (corresponding to its cleavage) in the cell For example, HIV infection increases the expression of
lysates, following treatment with TRAIL. This was TRAIL and sensitizes T-cells to TRAIL-mediated
enhanced when the cells were first infected with apoptosis (Jeremias et al., 1998). Modulation of
reovirus, indicating that reovirus infection increases TRAIL and TRAIL receptor expression also occurs
the amount of effector caspase activation in TRAIL- following infection with human cytomegalovirus (Sed-
treated cells. ger et al., 1999) and Theiler's murine encephalomyelitis

virus has been shown to induce apoptosis through a
mechanism involving TRAIL (Jelachich and Lipton,

Discussion 2001). Previous studies have suggested that other
members of the TNFR death receptor superfamily

Our results demonstrate that reovirus induces apopto- may also be involved in virus-induced apoptosis.
sis in a variety of cell lines derived from human Alteration of the cell surface expression of Fas may
cancers. Apoptosis was determined by the presence of be involved in virus-induced, or viral regulation of,
apoptotic nuclear morphology and the increase in the apoptosis in cells infected with influenza virus
activity of caspase 3 in reovirus-infected cells. (Takizawa et al., 1993, 1995), herpes simplex virus
Although 'the 2-3-fold increase in the activity of type 2 (Sieg et al., 1996), bovine herpesvirus 4 (BHV 4)
caspase 3 that we obtained following reovirus infection (Wang et al., 1997), adenovirus (Tollefson et al., 1998)
is fairly modest it is typical of results obtained in other and human immunodeficiency virus type 1 (HIV 1)
cell lines (Dr D Kominski, personal communication). It (Conaldi et al., 1998; Kaplan and Sieg, 1998).
is unclear to us why reovirus produces such a low level Similarly, apoptosis induced by Hepatitis B (Su and
of caspase 3 activity in infected cells. Possibly, a low Schneider, 1997), HIV-1 (Herbein et al., 1998), BHV 4

(Wang et al., 1997) parvovirus H-1 (Rayet et al., 1998)
and Theiler's murine encephalomyelitis virus (Jelachich

0 10 100 0 10 100 Reovirus(MOI) and Lipton, 2001), may involve the TNFR signaling
PARP -pathway.

(116 kD) . In addition to its capacity to kill cancer cells by

0 3 Hirs post TRAIL apoptosis, we show that reovirus infection also
treatment (20ng/ml sensitizes cancer cells to TRAIL induced apoptosis in

a synergistic manner. H157 and ZR75-1 cells, which
Figure 7 Reovirus infection increases the activation of caspase 3 are relatively resistant to TRAIL-induced killing,
in TRAIL treated cells. H157 cells were infected with reovirus became much more susceptible following infection with
(MOI 0, 10, 100). Twelve hours following infection cells were
treated with low dose TRAIL (20 ng/ml) and were harvested at reovirus. Reovirus-induced sensitization of cells is
various times post treatment. Extracts were probed with antibody specific for TRAIL and reovirus does not' synergisti-
directed against the caspase 3 substrate, PARP. Samples were cally sensitize cells to Fas-mediated apoptosis (another
standardized for protein concentration using actin (not shown) death receptor apoptotic pathway) or to apoptosis
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"induced by doxorubicin (a non-death receptor apopto- These results show that reovirus-induced oncolysis of
tic agent). cancer cells occurs through TRAIL-mediated apoptosis

We next investigated the mechanism by which and suggest that reovirus-infection is a useful model for
reovirus sensitizes cells to TRAIL. The level of TRAIL investigations of TRAIL-induced apoptosis in cancer
receptor expression at the cell surface does not change cells. Similar to the effects of genotoxins (Gibson et al.,
following infection with reovirus indicating that up- 2000), reovirus sensitizes cells to TRAIL induced
regulation of TRAIL receptor is not the mechanism by apoptosis. Our results show that reovirus-induced
which reovirus sensitizes cells to TRAIL. The activa- sensitization of cells to TRAIL is inhibited by IETD-
tion of caspase 8 however, is increased in cells fink and is associated with the activation of caspase 8.
following a combination of reovirus-infection and Further studies of this phenomenon may suggest new
TRAIL-treatment, compared to uninfected cells or to strategies to enhance the killing of cancer cells by
cells treated with TRAIL or reovirus alone. Caspase 8, TRAIL.
an initiator caspase, activates the effector caspases 3
and 7 and we show that there is increased cleavage of
the effector caspase substrate, PARP, in reovirus-
infected, TRAIL-treated cells, compared to cells Materials and methods
treated with TRAIL alone. The role of caspase 8 in
ieb_ýirtus!ifid-uded sensitization of ceils- to TRAIL is- Cells and V•rTus
supported by our demonstration that the peptide HEK293 cells (ATCC CRL1573) were grown in Dulbecco's
IETD-fmk, which inhibits caspase 8 activity and blocks modified Eagle's medium (DMEM) supplemented with
both TRAIL-induced (Yu et al., 2000) and reovirus- 100 U/ml each of penicillin and streptomycin and containing
induced (Clarke et al., 2000) apoptosis, blocks 10% fetal bovine serum. HeLa cells (ATCC CCL2) were
reovirus-induced sensitization to TRAIL. The expres- grown in Eagle's minimal essential medium (MEM) supple-
sion of DN-FADD, which blocks the activation of mented with 2.4 mM L-glutamine, non-essential amino acids,
caspase 8, also blocks reovirus-induced sensitization to 60 U/ml each of penicillin and streptomycin and containing

TRAIL in HEK293 cells (results not shown). 10% fetal bovine serum (Gibco BRL, Gaithersburg, MD,
TheIL involvEmentof caspas(esu8tsnt reov indUSA). HeLa cells were used as indicator cells in the
The involvement of caspase 8 in reovirus-induced supernatant transfer experiments. The lung cancer cell lines

sensitization of cells to TRAIL suggests that reovirus (A549 and H157) and breast cancer cell lines (MDA-MB231
sensitizes cells to TRAIL-induced apoptosis by aug- and ZR75-1) were obtained from the University of Colorado
menting the TRAIL pathway of apoptosis rather than Cancer Center. Reovirus (Type 3 Abney, T3A) is a
by activating a second apoptotic pathway. This laboratory stock, which has been plaque purified and
suggests that the mechanism by which reovirus passaged (twice) in L929 (ATCC CCLI) cells to generate
sensitizes cells to TRAIL-induced apoptosis differs working stocks (Tyler et al., 1996). Virus growth was
from the recently identified mitochondrial-dependent determined by plaque assay as previously described (Tyler
pathway by which sodium nitroprusside (Lee et al., et al., 1985).

2001) and ionizing radiation (Belka et al., 2001)
enhance TRAIL-induced apoptosis. The release of Apoptosis assays and reagents
TRAIL from reovirus-infected cells may contribute to Determination of Apoptotic Nuclear morphology: 48 h after
the increased activation of caspase 8 in reovirus- infection with reovirus cells were harvested and stained with
infected, TRAIL treated cells. However, ZR75-1 cells, acridine orange, for determination of nuclear morphology
which do not release TRAIL following reovirus and ethidium bromide, to distinguish cell viability, at a final
infection, are sensitized to TRAIL-induced apoptosis concentration of I pig/ml each (Duke and Cohen, 1992).
following infection with reovirus. This implies that Following staining, cells were examined by epifluorescence
TRAIL release cannot be the only mechanism for the microscopy (Nikon Labophot-2: B-2A filter, excitation, 450-
increased levels of caspase 8 activation in reovirus- 490 nm; barrier, 520 nm; dichroic mirror, 505 nm). The

percentage of cells containing condensed nuclei and/orinfected, TRAIL-treated cells. marginated chromatin in a population of 100 cells was
The cleavage of procaspase 8 to its active counter- recorded. The specificity of this assay for detecting apoptotic

part is required for TRAIL-induced apoptosis. The cells has been previously established in reovirus-infected cells
caspase 8 homologue, FLICE inhibitory protein using DNA laddering techniques and electron microscopy
(cFLIP), promotes cell survival by blocking this (Tyler et al., 1995). DNA laddering: Cells (5 x 106) were
reaction and its has been shown that inducers of removed from culture flasks and resuspended in 2 ml
the transcription factor NF-icB can upregulate cFLIP digestion buffer (0.1 M NaCl, 10 mM Tris pH 8, 25 mM
(Kreuz et al., 2001). Although reovirus induces the EDTA, 0.5% SDS and 0.3 mg/ml proteinase K). Following
activation of NF-icB (Connolly et al., 2000) similar overnight incubation at 50'C the suspension was extracted
levels of expression of the cellular inhibitor of with phenol/chloroform and then chloroform. DNA was then

treated with RNase (20 btg/ml) for 1 h at 37°C, followed by
caspase 8 activation (FLIP) were observed in further extraction with phenol/chloroform and then chloro-
reovirus-infected, TRAIL-treated cells compared to form. DNA was then purified by overnight ethanol
that in cells treated with TRAIL alone (results not precipitation (1/2 volumes 7.5 M NH4-acetate and three
shown) indicating that the increased activation of volumes cold 100% ethanol) at -20'C. The precipitate was
caspase 8 is not due to a reduction in FLIP-mediated spun down at 9000 r.p.m. for 30 min, washed in ethanol
inhibition of caspase 8. (85%), dried and resuspended in 200 gl TE. DNA was then
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run on a 1.5% agarose gel, stained with ethidium bromide RTPCR
and visualized using a FluorýS Multilmager and Quantity
One software (BioRad, Hercules, CA, USA). For the Cells were seeded (5 x 106) and were infected with reovirus
sensitization experiments cells were infected with reovirus at (MOI 100). At 24 h post infection cells were washed in PBS
a multiplicity of infection (MOI) of 10. After 24 h cells were and were harvested directly into RNA lysis buffer. Total
treated with 20 ng/ml TRAIL (Upstate Biotechnology, Lake cellular RNA was prepared using RNeasy minicolumns
Placid, NY, USA), 0.025 pg/ml of an activating Fas antibody (Qiagen, Valencia, CA, USA). Two ug of RNA was used
(Upstate Biotechnology) or 0.25/0.5 uM doxorubicin (Sigma, as template for first strand synthesis using a pre-amplification
St. Louis, MO, USA) and apoptosis assays were performed system (Life Technologies, Grand Island, NY, USA). Semi-
after a further 24 h. Soluble death receptors Fc:DR5 and quantitative RTPCR amplification reactions specific to DR4,
Fc:TNFR were obtained from Alexis Corporation (Pitts- DR5, DcR-1 and DcR-2 were performed (Griffith et al.,
burgh, PA, USA). The cell permeable caspase inhibitor 1999). Actin primers were used as controls.
IETD-fmk was obtained from Clontech (Palo Alto, CA,
USA). Anti-reovirus antibody is a neutralizing polyclonal
anti-reovirus antisera, that neutralizes infectivity and blocks Flow cytonetrj
apoptosis induced by infectious virus (Tyler et al., 1995). Cells were removed from tissue culture flasks by repeat

pipetting or gentle tapping and were suspended in PBS (101

3activation assays cells/ml). Cells were pelleted by centrifugation (2000 r.p.m.
Caspase 3 atfor 2 mniin" then rnmaimtim pualse for 10os) and were- thein
Caspase 3 activation assays were performed using a kit resuspended in 500 pl wash buffer 1 (PBS containing 2%
obtained from Clontech. Experiments were performed using fetal calf serum and 0.02% sodium azide). Cells were
I x 106 cells/time point. Cells were centrifuged at 200 g for pelleted as above and resuspended in 500 j1 staining
10 min, supernatants were removed and cell pellets were solution (PBS containing 5% fetal calf serum and 0.02%
frozen at -70'C until all time points were collected. Assays sodium azide) for 5 min at room temperature. Cells were
were performed in 96 well plates and analysed using a then pelleted as before and resuspended in 50 ul staining
fluoresent plate reader (CytoFluor 4000, PerSeptive Biosys- solution, alone for negative control and with primary
tems, Farmington, MA, USA). Cleavage of DEVD-AFC, a antibody (2 pl/ml) for experimental samples. Cells were
synthetic caspase-3 substrate, was used to measure caspase 3 then incubated at 4°C in the dark for 30 min before being
activation in reovirus-infected cells. Cleavage after the second washed twice in wash buffer 1 (centrifuging as described
Asp residue produces free AFC that can be detected using a above). After a final centrifugation step cells were
fluorescent plate reader. The amount of fluorescence detected resuspended in staining solution and secondary antibody
is directly proportional to the amount of caspase 3 activity, conjugated to fluorophore (anti-mouse IgGl-FITC) and

.were incubated at 4°C in the dark for 30 min. Cells were
Western blot analysis then pelleted (as above) twice and resuspended first in wash

buffer 1 and then in wash buffer 2 (PBS containing 0.02%
Following infection with reovirus, cells were pelleted by sodium azide). Cells were then centrifuged (as above), fixed
centrifugation, washed twice with ice-cold phosphate-buffered in 500 p1 1% paraformaldehyde and analysed by flow
saline and lysed by sonication in 200 I1 of a buffer containing cytometry.
15 mM Tris, pH 7.5, 2 mM EDTA, 10 mM EGTA, 20% For these experiments monoclonal antibodies against
glycerol, 0.1% NP-40, 50 mM mercaptoethanol, 100 pg/ml human DR4 (huTR1-M271) and DR5 (huTRAILR2-M413)
leupeptin, 2 pg/ml aprotinin, 40 pM Z-D-DCB, and 1 mM were used (Immunex Corporation, Seattle, WA, USA).
PMSF. The lysates were then cleared by centrifugation at
16 000 g for 5 min, normalized for protein amount, mixed
1: 1 with SDS sample buffer (100 mM Tris, pH 6.8, 2% SDS,
300 mM mercaptoethanol, 30% glycerol, and 5% pyronine Acknowledgments
Y), boiled for 5 min and stored at -70'C. Proteins were This work was supported by Public Health Service grant
electrophoresed by SDS-PAGE (10% gels) and probed with I ROIAG14071 and GM30324 from the National Institute
anti-caspase 8 (B9-2, Pharmingen, San Diego, CA, USA) and of Health, Merit and REAP grants from the Department of
anti-PARP (9542, Cell Signaling Technologies, CA, USA) Veterans Affairs, a US Army Medical Research and
antibodies. All lysates were standardized for protein con- Material Command grant (DAMD17-98-1-8614) (KL
centration with antibodies directed against actin (CP01, Tyler). The University of Colorado Cancer Center pro-
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TRAIL and inhibitors of apoptosis are opposing determinants for
NF-icB-dependent, genotoxin-induced apoptosis of cancer cells
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Opposing pro- and anti-apoptotic actions of TRAIL and the Bak) results in mitochondrial membrane pore formaL

inhibitors of apoptosis (IAPs) contribute to the cell's decision tion, loss of membrane potential and the release of
to survive or die. We demonstrate that in H157 human lung cytochrome c and other mitochondrial proteins
carcinoma cells, etoposide and doxorubicin induce the NF- (Jurgensmeier et al., 1998; Li et al., 1998; Luo et al.,
-cB-dependent expression of both pro- and anti-apoptotic 1998; Zha et al., 1996). Apaf-1 binding of released
proteins including TRAIL and its death receptor, DR5, and cytochrome c leads to caspase 9 activation (Zou et al.,
IAPs. Inhibition of NF-ncB activation in H157 cells in 1999). Both caspase 8 and caspase 9 can activate
response to genotoxin resulted in loss of cell surface caspase 3 whose activation is generally considered the
expression of TRAIL and DR5, aggressive growth and irreversible commitment to apoptosis.
chemotherapy resistance of tumors in nude mice. Similar to Cytokines such as FasL and TRAIL trigger the
the paracrine TRAIL response in H157 cells, the sensitivity apoptosis module using death receptors as their entry
of normal lung and breast epithelium and carcinomas to point by activating caspase 8 (Chaudhary et al., 1997;
undergo genotoxin-induced apoptosis correlates strongly Schneider et al., 1997). Toxins such as antimycin A
with cell surface expression of TRAIL. Suppression of appear to bind to the BH3 domain of Bcl-2 and BcI-XL
TRAIL signaling by expression of the TRAIL decoy and initiate apoptosis by influencing mitochondrial
receptor, DcR1, confers chemo-resistance to cancer cells, pore formation and membrane potential (Tzung et al.,
These findings demonstrate that TRAIL signaling via its 2001). In contrast to the selective actions of FasL,
death receptors is a significant contributor to genotoxin- TRAIL and antimycin A, other apoptotic stimuli such
induced apoptosis in human epithelial carcinomas, as genotoxins can activate apoptosis via both death
Oncogene (2002) 21, 260-271. DOI: 10.1038/sj/onc/ receptors and regulation of Bcl-2 family proteins (Sun
1205048 et al., 1999). Genotoxins stimulate mitochondrial

cytochrome c release via regulation of Bcl-2 and induce

Keywords: TRAIL; IAP; NF-cB; apoptosis; chemo- the expression of both FasL and TRAIL in different
therapy cell types (Ashkenazi and Dixit, 1999; Kasibhatla et al.,

1998; Kaufmann and Earnshaw, 2000). The relative
contribution of Bcl-2 family proteins and death

Introduction receptors in genotoxin-induced apoptosis appears to
vary depending on the tumor origin and genotoxin.

Apoptosis is characterized as being initiated either by It is apparent that changes in the expression of death
death receptor activation or mitochondrial changes receptors, their ligands and the Bcl-2 family proteins
mediated by Bcl-2 family members (Yang et al., 1997). can alter the apoptotic potential of cells. Altered
Oligomerization of death receptors such as Fas or DR4 expression or mutation of these proteins provide a
and DR5 upon binding FasL or TRAIL leads to survival advantage to tumor cells by down-regulating
caspase 8 activation (Muzio el al., 1996). Activation of the entry points that control the activation of
pro-apoptotic Bcl-2 family proteins (Bad, Bid, Bax, apoptosis. We have found with lung and breast-derived

epithelial cells, there is a strong correlation between the
magnitude of genotoxin-stimulated apoptosis and the

*Correspondence: GL Johnson, Department of Pharmacology, expression of TRAIL. Expression of TRAIL and its
C236, Room 2809, SOM, University of Colorado Health Sciences death receptor, DR5, is regulated in an NF-KcB
Center, 4200 East Ninth Avenue, Denver, Colorado 80262, USA; dependent mechanism (Gibson et al., 2000; Ravi et
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October 2001 TRAIL/DR5 expression, NF-7cB regulates the expres-
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sion of several anti-apoptotic proteins. This orches- serine to alanine conversions at residues 32 and 36
trated response of pro-apoptotic and anti-apoptotic that abolish the ability of IKKa to phosphorylate
proteins determines the fate of cells to a genotoxic these sites. This prevents ubiquitination and degrada-
stress. TRAIL is generally able to overcome the anti- tion of mutant IicBa and subsequent dissociation and
apoptotic gene induction in epithelial cells. However, nuclear translocation of NF-KB. The inhibition of
when the TRAIL response system is inhibited, chemo- genotoxin-induced apoptosis was observed in H157
resistance and the NF-icB dependent anti-apoptotic cells stably expressing DNIKBa following transfection
response prevail. Cumulatively, our findings indicate and drug selection or acutely after infection with
that inhibition of TRAIL signaling is a mechanism for adenovirus encoding DNIKBo. (not shown). Because
epithelial-derived carcinomas to escape apoptosis in similar results were seen for genotoxin resistance when
response to genotoxins. DNIcBc• was expressed by stable transfection or acute

adenovirus infection we chose to use stably expressing
DNII•Bo. H157 cells for further study in vitro and in

Results vivo.
To confirm the dominant negative property of the

a sfor the apoptotic response to IKBc mutant, we demonstrated H157 cells expressing
NE-Bactivt is lunane astcar r cDNIKBa fail to stimulate NF-KB DNA binding activity

relative to wild type H157 cells following treatment

In H157 lung squamous carcinoma the expression of with phorbol ester (PMA) (Figure 1b) or etoposide
dominant negative IcBc. (DNIKcla) inhibits genotoxin- (Figure lc). Inhibition of NF-icB DNA binding activity
induced apoptosis (Figure la). To define the impor- in response to PMA by expression of DNIicBc, is
tance of NF-KB in etoposide-induced apoptosis, wild specific, as AP-1 DNA binding activity remains intact
type (WT) H157 cells and DNIKBo H157 cells were in the same nuclear extracts. For etoposide treatment,
treated with etoposide, and apoptosis was quantitated both WT and DNIKBo H157 cells were treated with
by acridine orange. Basal levels of apoptosis in genotoxin for 12 and 24 h (Figure lb). NF-KcB DNA
unstimulated WT H157 cells was approximately binding activity is induced following treatment of H157
5+1.6% and increased to 31+2.1% and 42+4.7% cells for 12 and 24 h with etoposide, while DNIKBo.
with 48 h exposure to 30 and 100 pM etoposide, H157 nuclear extracts show no increase in NF-icB
respectively (Figure 1a). Apoptosis in unstimulated DNA binding activity. Etoposide treatment of WT
DNIKBv H157 cells was comparable to WT H157 at H157 cells also resulted in decreased levels of IKBo,.
6+2%. With 30 uM etoposide, the apoptotic response protein detected by immunoblotting, reflective of the
was suppressed 40% or greater in DNIKcBa relative to phosphorylation, ubiquitination, and protein degrada-
WT H157 cells (from 31+2.1% in WT H157 to tion of IicB that allows nuclear translocation and DNA
17+6.3% for DNIKBi. H157 cells seen in Figure la, binding of NF-KB (Figure ld). DNIKBoY H157 cells
P<0.005). Similarly, the 42+4.7% apoptotic cells retain stable and consistent cytosolic levels of IKB
observed with 100 uM etoposide treatment for 24 h in protein despite treatment with etoposide. These assays
WT H157 cells decreased to 20+4.2% in DNIKcBo. confirm that DNIKBo, effectively abolishes the stimula-
H157 cells (P<0.005). These studies demonstrate that tion of NF-KB activity, preventing transcriptional
NF-KcB activity is required for maximal apoptotic activation of NF-7cB target genes.
response to -etoposide insult in H157 carcinoma cells. To assess further the biologic implications of NFKB

We have observed a similar pro-apoptotic function inhibition, WT and DNIKBo•. H157 cells were examined
for NF-KcB in other carcinomas from breast and lung. for tumorigenic potential in nude mouse xenografts.
As shown in Figure la, ZR-75-1 breast adenocarcino- 1 x 106 WT H157 or DNIKBc/ H157 cells were injected
ma cells behave similarly to H157 cells in that DNIKBi. into nude mice, and tumor volumes were followed for
inhibits doxorubicin-induced apoptosis. The apoptotic 31 days at which time tumor mass necessitated animal
index of WT ZR-75-1 cells rose from 4+1% to sacrifice. WT and DNIKBc, H157 mouse xenografts
14+3% with 100 nM doxorubicin and 48+6% with grew comparably until day 17, when separation of
1 IM doxorubicin treatment for 48 h. The stable tumor growth curves became apparent (Figure le).
expression of DNIiKBi, in ZR-75-1 cells did not change DNIKBo. H157 xenografts grew to a larger size
basal apoptosis levels of 4+1%. Forty-eight hour (450_+60 mm 3, n=38) over a shorter time frame
treatment of the DNIKBLY ZR-75-1 cells with 100 nM compared to WT H157 xenografts (223_+20 mm3 ,
doxorubicin did not induce apoptosis (4_+1%, n=38) with growth differences reaching statistical
P<0.005 vs WT) while 1 uM doxorubicin yielded only significance (P<0.005) at day 17 that persisted until
20% of apoptosis found in WT cells (13_+3%, the end of the experiment. At day 31, the DNIKBc/
P<0.005 vs WT). H157 xenografts reached a size of 2426+658 mm 3

These observations in combination with the role of while WT H157 xenografts had grown to
NF-jcB in regulating TRAIL expression (Ravi et al., 1233_+218 mm3 (P<0.005).
2001), led us to examine the role of NF-icB signaling The aggressive tumor growth characteristic of DNI7,cBi
and TRAIL in the control of genotoxin-induced H157 xenografts is not simply the result of a faster
apoptosis in human carcinoma cells. The DNIKBo. growth rate compared with WT H157 cells. In fact, in
mutant protein we have used in our studies contains vitro growth curves suggest that DNIKBL. H157 cells
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Figure 1 Loss of NF-KB results in chemo-resistance and aggressive tumor growth. (a) Loss of NF-icB activity results in a blunted
apoptotic response to etoposide and doxorubicin in a dose-dependent manner. We treated WT H157 cells or DNIKcBa H157 cells
with etoposide for 48 h and then measured apoptosis. WT or DNIJcBa ZR-75-1 cells were treated with the indicated doses of
doxorubicin for 48 h. Data points represent the means of duplicate samples from three independent experiments while error bars are
s.e.m. (b) DNIcBa effectively abolishes NF-KB nuclear translocation. Gel shift assays were done on nuclear lysates from WT and
DNIKBoa H157 in the absence or presence of PMA stimulation. WT H157 cells demonstrate inducible NF-KcB DNA binding activity
in unstimulated and stimulated cells; no NF-KB DNA binding activity can be demonstrated in DNIscBa nuclear extracts. Binding is
specific, as binding is unaffected by AP-1 cold competitor, while NF-KB cold competitor abolishes protein binding to labeled probe
(lanes 3,4). Loss of NF-cB DNA binding activity is not the result of a global loss of nuclear protein DNA binding activity, as AP-1
DNA binding activity is conserved in DNIKBca nuclear extracts (lanes 7,8). (c) DNIU:Ba. expression attenuates etoposide induced NF-
KB translocation to the nucleus. Etoposide induces NF-KB nuclear translocation, which persists to 24 h (lanes 4,5). No NF-KB DNA
binding activity can be demonstrated in DNIKcBa with etoposide treatment (lanes 7,8). (d) Lack of NF-KcB DNA binding activity in
DNIKBa H157 cells correlates with stable levels of IKBo: protein in cytosolic extracts. Western blotting with an IKBa antibody that
recognizes both WT and dominant negative IcBz demonstrates that IhBa levels drop with etoposide treatment as a result of protein
dissociation from NF-KB and subsequent ubiquitination and degradation. This fails to occur in DNIKcBa H157 cells. (e) Loss of NF-
icB activity in DNIhBa H157 cells results in more rapid and more aggressive tumor growth in nude mouse xenografts. We injected
DNIKBa and WT H157 cells into the posterior flanks of nude mice to assess in vivo growth characteristics. DNIKBa H157 cells grow
more rapidly and to a larger maximal volume over a growth period of 31 days with P decreasing below 0.005 by day 17. Means are
from volumes of 38 individual tumors while error bars are s.e.m. (f) The aggressive growth pattern of DNIKBO. H157 cells in nude
mouse xenografts is not the result of a shortened cell cycle. Growth curves for WT H157, DNIKBo. H157 and vector alone H157
cells are comparable, demonstrating that the accelerated rate of growth and aggressive tumor phenotype of DNIcBo: H157 cells in
nude mouse xenografts is not the result of an altered cell cycle. Means displayed are from duplicate samples of two independent
experiments

grow with a comparable but somewhat slower doubling doxorubicin (not shown). This is comparable apoptotic
time relative to WT H157 cells (Figure if). suppression as was seen with 100 [M etoposide

treatment (Figure la). However, to determine the
specificity of NF-KB in genotoxin induced apoptosis,NF-K:B is required for genotoxin but not
we treated cells with the microtubule toxin paclitaxel.

paclitaxel-induced apoptosis Paclitaxel induces apoptosis primarily through phos-

Treatment of WT H157 cells with 300 nM doxorubicin phorylation and subsequent inactivation of Bcl-2. The
resulted in 32% apoptosis over 48 h. This is inhibited phosphorylation renders Bcl-2 unable to sequester
by almost 50% in DNIcBoc H157 cells with an proapoptotic Bcl-2 family members such as Bax which
apoptotic index of 17% after a similar treatment 'with induce mitochondria release of cytochrome c (Srivas-
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tava et al., 1999; Strobel et al., 1996). Figure 2a shows similar to the anti-apoptosis and chemo-resistance of
the response of WT and DNIKBc• H157 cells exposed DNIKcBo expressing H157 cells assayed in vitro (Figure
to 30 nM and 300 nM paclitaxel for 24 h. Fifty to 52% la).
-of WT H157 cells are apoptotic after 24 h for both
paclitaxel doses while 40% and 46% of DNIcBcc H157 Etoposide induces surface expression of TRAIL and DR5
cells are apoptotic after 30 and 300 nM paclitaxel
treatment, respectively. Paclitaxel-induced apoptosis Increased cell surface expression of TRAIL is a general
was not significantly dependent on NF-,cB activation, response to etoposide in both lung and breast
whereas loss of NF-KB activation in DNIKBct expres- epithelium (Figure 3). Using non-transformed, non-
sing cells resulted in significant resistance to both immortalized primary human airway epithelium
etoposide and doxorubicin. (HAEC) and primary human mammary epithelium

In agreement with the in vitro results, analysis of (HMEC) in conjunction with A549 lung adenocarci-
xenografts in nude mice indicated sensitivity of WT noma, MDA-231 breast carcinoma, and ZR-75-1
H157 and DNIicBc H157 cell-derived tumors to breast caricinoma cells, we measured cell surface
treatment with paclitaxel (Figure 2b,c). The result with expression of TRAIL in response to 24 h of 100 pM
paclitaxel is in sharp contrast to the etoposide etoposide. All five unstimulated cell lines had no
resistance of DNIKBoý H157 cells in vitro as well as in detectable surface TRAIL expression (left column).
xenografts. Wild type -H157 xenograft growth is Reproducible increases of 1.6-3.1-fold (middle and
suppressed with etoposide treatment with a separation right column) were demonstrated after etoposide
of growth curves reaching statistical significance by day treatment. Bar graphs display the relative fluorescence
21 (Figure 2d). In contrast, DNIicBc xenografts are for each cell line with and without etoposide (right
resistant to etoposide (Figure 2e). Despite treatment column).
with etoposide, DNIKBo xenografts continue to grow The chemo-resistance of DNIcB expressing H157
at the same rate as untreated DNIhBoc expressing cells in vitro and in vivo indicates a major change in
tumors. These findings indicate that inhibition of NF- apoptotic potential resulting from loss of NF-KB
KB function in H157 cells results in a more aggressive signaling. We had previously shown that TRAIL and
tumor that is refractory to treatment with etoposide, DR5 expression in different cell types was NF-xB
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Figure 2 NF-KB inhibition causes genotoxin-specific chemo-resistance in lung tumors. (a) DNIklBa does not protect against the
microtubule toxin paclitaxel. Treatment of WT and DNIKBoC H157 cells for 24 h with the indicated doses of paclitaxel induces
apoptosis to similar levels. Means displayed are from duplicate samples of three independent experiments. To validate these results,
we xenografted WT and DNIKcBa. H157 cells into nude mice and treated With etoposide or paclitaxel. Arrows indicate days of
treatment with paclitaxel (b and c) or etoposide (d and e). (b) WT H157 xenografts fail to grow when treated with paclitaxel
chemotherapy (P<0.005 by day 21, n=20 tumors). (c) DNIicBa H157 xenografts also respond to paclitaxel chemotherapy with
blunted tumor growth curves (P<0.005 by day 17, n=20 tumors). (d). Etoposide treatment of WT H157 xenografts inhibits tumor
growth (P < 0.005 by day 21, n = 20 tumors). (e) DNI7CBOa xenografts grow despite treatment with etoposide (P NS between vehicle
and etoposide treated animals, n 20 tumors). DNIcBo. xenografts demonstrate etoposide chemo-resistance
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Figure 3 Etoposide induces surface expression of TRAIL. Primary human mammary (HMEC) and lung epithelial cells (HAEC),
A549 and H 157 lung carcinoma cells, MDA-231 and ZR-75-1 breast carcinoma cells were analysed for TRAIL surface expression in
response to 24 h of 100 iM etoposide treatment. The left column indicates cell surface expression of TRAIL (blue line) versus
background fluorescence (black line) of unstimulated cells. The middle column contains histograms of TRAIL surface expression
(red line) compared to background fluorescence (black line) after 24 h of etoposide treatment. Relative fluorescences for each cell
type in unstimulated (blue bars) and etoposide treated (red bars) are depicted in the graphs in the right column. All signals are
normalized to background and set to one; therefore a relative fluorescence of one indicates no detectable surface protein

dependent (Gibson et al., 2000), therefore, we predicted cytometric analysis for measurement of DR4, DR5 and
that a loss in the surface expression of TRAIL or its TRAIL cell surface expression. Figure 4a and b depict
death promoting receptors, DR4 and DR5, could the surface expression of DR4 in WT H157 and DNIKBo.
account for the loss in genotoxin sensitivity we H157 cells with and without etoposide treatment.
observed in DNIcB expressing H157 cells. To test this Figure 4c shows this data in bar graph format in
hypothesis, WT and DNIKcBo. H157 cells were treated order to display the relative DR4 expression with and
with 100 jM etoposide for 24 h and subjected to flow without etoposide treatment of cells. WT H157 cells

Oncogene
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demonstrate DR4 surface expression of 15.3+0.6 and to 6.8+0.2 (n=3, P<0.0005) in DN~icBo. H157 cells
18.1+1.7 (n=3, P<0.05) times greater than back- (Figure 4f).
ground with and without etoposide treatment, respec- TRAIL surface expression in WT H157 cells treated
tively. No significant difference in DR4 surface with etoposide is also up-regulated as seen in Figure 4g
expression is seen in DNIKBa H157 cells, which and i. While WT H157 cells treated with etoposide
demonstrate comparable DR4 surface expression ratios induce surface expression of TRAIL 1.6-fold, this
of 12.2+0.9 and 17.0+0.5 (n=3, P<0.05) with and induction is absent in DNIicBa. H157 cells (Figure 4h
without etoposide treatment, respectively. The levels of and i). The surface expression of TRAIL is relatively
DR4 expression correlates with RNase protection low but highly reproducible in its induction by
assays measuring DR4 transcript (data not shown). etoposide (n= 3, P <0.01). Etoposide therefore induces
Although DR4 surface expression levels decrease in increased surface expression of TRAIL and one of its
both WT and DNIKcB7 H157 cells in response to death promoting receptors, DR5. This is a NF-KB
etoposide, the magnitude of change being less than dependent response, as DNIicBo, H157 cells lack the
50% stands in direct contrast to DR5. ability to increase the surface expression of both

DR5 surface expression increases with etoposide TRAIL and DR5 in response to etoposide.
treatment in WT H157 cells, and this induction of
surface expression is inhibited in DNIicBo. H157 cells Profiling the genotoxin response ofH157 cells
(Figure 4d, e, and f). Basal levels of DR5 in WT H157
cells drop from a relative surface expression of NF-icB activation in several cell types appears to
13.1+0.5 in wild type to 9.2+0.3 (n =3, P<0.001) in promote cell survival not apoptosis as observed with
DNIKBo, H157 cells. More importantly, etoposide H157 cells (Baeuerle and Baltimore, 1996; Basu et al.,
induced expression of DR5 with a surface expression 1998; Lin et al., 1998). The expression of the
ratio of 24.5 +2.3 in wild type cells drops significantly inhibitors of apoptosis, or IAPs, inhibit specific
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18.1 P.Q.06

B f 12.2

DR4 

". A l

I ce ll .co u n ted 
0.1 ce l co u Sto d . . • = 1

P 0.01 P <o.WN

0- 

Control

DR5l 
!,• 

- 24 hr Etoposide

o10
0  ,01 1 o2 to3  to4  0011?87

# cells counted 
# .ells counted

G "H -"

TRAIL i ,• :00 .•

1.t 1 o 12 10~ 14 10if I-j2 0 1 f 17 Dffm

# cells counted 
0 cells counted

Figure 4 NF-icB induces the surface expression of DR5 and TRAIL. To determine if NF-,cB mediates changes in DR4, DR5, or

TRAIL surface protein expression, flow cytometry was conducted oo WT (a, d, g) or DNI•cBe H 157 cells (b, e, h) to assess for DR4

(a, b), DR5 (d, e), and TRAIL (g, h) proteins. Solid black lines represent control background fluorescence; dasbed black lines

represent etoposide background fluorescence. Untreated cells (blue lines) were compared with cells treated with etoposide for 24 h at

100 ptM (red lines). Figures c, f, and i depict data obtained in their respective rows in bar graph format. Numbers correspond to tbe

relative fluorescence indicative of surface protein. This flow cytometry data demonstrates that etoposide induces tbe surface

expression of DR5 and TRAIL in WT H157 cells (f, i). DNIicBa. cells demonstrate a diminished basal level of DR5 as well as a loss

of DR5 induction with etoposide treatment (f). Etoposide-induced TRAIL expression is also lost in DNI•cBa cells compared with

WT 11157 cells (i). Histograms represent one experiment of three; means of these experimaents are depicted in the bar graphs with

error bars demonstrating s.e.m.
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caspases and have been shown to be positively regulate cell survival. In addition, genes not repre-
regulated by NF-icB. Thus, in addition to TRAIL sented in the array may have significant roles in the
and DR5, NF-KB is capable of regulating pro-survival response to genotoxin. Despite these limitations, the
genes. To define NF-cB regulated genes that con- gene profiles identified in Figure 5a argue for an
tribute to pro- or anti-apoptotic signaling in response orchestrated response of cells exposed to etoposide
to genotoxins in cancer, gene profiling was conducted that promotes survival versus the paracrine death
with total RNA isolated from WT and DNIcBoý H157 response mediated by TRAIL. Genotoxins such as
cells. H157 cells stably expressing DNIcBox and etoposide, in addition to inhibiting DNA replication,
DNIKBc-adenovirus infection of Hi157 cells were used also generate oxygen radicals that cause cellular
for analysis with similar results in profiling the gene damage and can themselves induce apoptosis (Verhae-
expression response to etoposide treatment. Hu6800 gen et al., 1995). Reactive oxygen species activate
Affymetrix gene chips compared mRNA levels of 7129 NF-cB (Wang et al., 1999) and a compensatory
genes between WT and DNIKBoc expressing H157 cells SOD2 expression results in oxygen radical metabo-
treated for 0, 12, or 24 h with either 100 jUM etoposide lism and protection from further cellular damage.
or DMSO treated control cells. Using this approach A20 inhibits receptor activation of NF-KB and is well
we were able to define genes whose expression is characterized in its ability to inhibit TNF-induced
dependent on NF-KB transcriptional activity in the apoptosis (Opipari et al., 1992). A20 expression
presence or absence of etoposide. would be predicted to protect cells from genotoxins

Figure 5 presents the list of genes regulated in a NF- by suppressing death receptor signaling. The strong
KB dependent mechanism in response to etoposide. induction of cIAP-I and cIAP-2 would inhibit the
Database review revealed that 33% (17/52) of the 52 caspases that drive cells down the apoptotic pathway
genes identified as NF-KB-dependent have been (Chu et al., 1997; Wang et al., 1998). In contrast, the
previously identified as regulated by NF-KB. This induction of TRAIL and DR5 would stimulate
percentage is likely higher as many of the genes have caspases that drive the apoptotic response. Induction
no information regarding the role of NF-icB in of TNF receptor expression may also contribute to a
controlling their expression. From a total of 52 genes pro-apoptotic response. Clearly, the NF-icB-dependent
dependent on NF-cB activation for regulation of their response to etoposide is complex and shows a
expression, 13 etoposide inducible genes were readily response that allows cells to survive or die. NF-icB-
identified that have previously characterized functions dependent gene expression in response to etoposide is
that can clearly promote or inhibit apoptosis (Figure neither pro-survival nor anti-survival but rather
5a). The values listed in Figures 5a and b indicate the allows a decision process for cell fate.
etoposide induced fold change in WT cells that was
absent in DNIKBc. expressing cells. Two etoposide Validation of mRNA expression profiling
induced genes, A20 (Cooper et al., 1996; Krikos'et al.,
1992) and manganese superoxide dismutase (SOD2) The NF-iKB dependent changes in mRNA expression
(Jones et al., 1997) are well defined in their regulation were confirmed for four genes, two with clear functions
by NF-KB. Three genes having strong anti-apoptotic in apoptosis and two in controlling cell cycle or
functions, the inhibitors of apoptosis (cIAP-I, cIAP-2 signaling. cIAP-1 and 2, cyclin D2 and MEK5c
and XIAP), are induced by etoposide treatment. expression was monitored by relative reverse transcrip-
Forkhead FREAC-1 is a lung specific forkhead tion PCR (RT-PCR). Results shown in Figure 6
transcription factor and whose mRNA was increased depicts the fold-changes in RNA levels by Sybr-green
sixfold in response to etoposide in an NF-KB- RT-PCR analysis of total RNA harvested after 24 h
dependent mechanism (Hellqvist et al., 1996; Mahla- treatment with etoposide in WT and DNIKBo.1 H157
puu et al., 1998; Pierrou et al., 1994). Specific forkhead cells. RNA concentrations were controlled with
transcription factors have been implicated in regulating internal 18S RNA standardized curves. The induction
pro-apoptotic gene expression including Fas ligand of cIAP-1 and cIAP-2 was blocked in DNIKBa H157
(Brunet et al., 1999). Trefoil factor is a cytokine known cells compared with WT H157 such that WT cells had
to promote cell survival (Chen et al., 2000; Suemori et 11+3.7 and 37_+21-fold higher levels of cIAP-1 and
al., 1991; Taupin et al., 2000; Thim, 1989), as is cell cIAP-2 respectively. Changes in expression of cyclin D2
adherence to the extracellular matrix protein, fibronec- and MEK5c were similarly confirmed, indicating the
tin (Sakai et al., 2001; Zhang et al., 1995). The general validity of the expression profiles shown in
expression of both trefoil factor and fibronectin was Figure 5.
NF-KB dependent and markedly inhibited in response
to etoposide. Overall, of the 13 genes whose function
has been clearly associated with survival and/or
apoptosis, 11 were up-regulated and two down- Because IAPs are strongly induced by genotoxin
regulated in response to etoposide in a NF-KB treatment, we chose to examine whether expression of
dependent mechanism. the IAP proteins clAP-1 and cIAP-2 could inhibit

Granted many other genes are regulated in etoposide-induced apoptosis. Expression vectors con-
response to etoposide (Figure 5b) or by NF-icB taining the sequences for cIAP-i and cIAP-2 were
independent of etoposide (Figure 5c) that may generated in IRES vectors encoding green fluorescent
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A Etoposide regulated genes associated

with apoptosis or cell survival
Etoposide Induced Fold
Change In WT H157 Cells Gene Name

30 clAP-1
27 cIAP-2
6 Forkhead transcription factor FREAC

5.3 TNFR
3.4 NFkB2
3 DR5

2.7 A20
2.5 Rel B
2.4 Manganese superoxide dismutase
2 XIAP
2 TRAIL*

-42 Fibronectin
-30 Trefoil factor

B Other etoposide regulated genes
Etoposide Induced Fold Etoposide Induced Fold
Change in WT H157 Cells Gene Name Change in WT H157 Cells Gene Name

30 ICAM-1 -23.7 RGS4
14.3 Cyclin D2 -14.3 MEK5c
12.8 MDA-7 -6.7 C1 inhibitor

9 Pentaxin -5.1 Gelsolin
9 Grocm -3.7 Apolipoprotein E

6.4 Osteonidogen -3.7 IFNy receptor 2
6.2 B94 protein -3.6 Carbonic anhydrase IX
4.6 HREV1 07 tumor suppressor -3.5 Dual specificity phosphatase 4
4.5 Bloom syndrome protein -3.1 IRS-1
4.3 GTP cyclohydrolase -3 Plectin
2.8 CD3-associated protein -2.8 Transgelin
2.5 E6-AP oncogene -2.8 Histone H4
2.4 Homeotic protein PL2 -2.6 NADH ubiquinone oxidoreductase
2 BRCA1 associated protein -2.3 Sortilin 1

-2.3 Glioma pathogenesis related protein
-2.2 CRABP II

C NFkB-regulated genes in the absence of etoposide
Fold change: ratio Fold change: ratio

WT/DNIkB H157 cells Gene Name WT/DNIkB H157 cells Gene Name
3 Cytidine deaminase -10.5 Collagen type XV

2.7 IL-11 -6.8 Predicted osteoblast protein
2.6 MHC class 1 polypeptide -6.8 GS3955 serine/threonine kinase
2.6 TEA domain family member 4
2 KIAA001 8 gene product I

Figure 5 Gene-profiling identifies NF-icB as a regulator of both pro- and anti-apoptotic signaling. Only genes whose expression
was similar across all three time points and whose fold change was two or greater by both GeneChip and GeneSpring mathematical
algorithms are included in the final gene lists. (a) Gene profiling identifies important apoptotic mediators whose expression is
dependent upon NF-KB in the presence of etoposide. The asterisk on TRAIL and DR5 indicate they are not on the Hu6800 gene
chip. RNase protection assays with probes for TRAIL and DR5 were performed on the RNA samples and quantitated in response
to etoposide. (b) Etoposide also altered expression of other genes in an NF-rcB dependent manner. (c) NF-KB also regulates genes
independent of etoposide. Individual analysis of gene profiles with GeneChip and GeneSpring software identifies additional NF-icB
dependent proteins with both pro- and anti-apoptotic roles in response to genotoxin insult

protein (GFP) for selection by flow cytometry. H157 cIAP-I or cIAP-2 resulted in a significantly (P<0.05)
cell populations selected for GFP expression demon- inhibited apoptotic response to etoposide with
strated overexpression of cIAP-1 and cIAP-2 greater 10+2.8% and 12+1.8% of the cells undergoing
than 10-fold compared with H157 cells harboring apoptosis, respectively. Thus, increased expression of
empty IRES-GFP vector and wild type H157 cells as IAPs results in a 50% diminution in apoptosis in H157
determined by Sybr-green RT-PCR (data not shown). cells treated with etoposide. The results indicate that
Figure 7 shows the results of apoptosis assays for the induction of IAPs would have a survival function in
various H157 cell lines when exposed to 100 uM response to etoposide. Etoposide therefore induces
etoposide for 24 h. Wild type H157 cells and H157 expression of several genes that influence cell survival
cells harboring empty vector had 23+1.2% and including TRAIL and its death receptor, DR5, and
21 + 1.4% of the cell population apoptotic following IAPs. The cumulative action of these proteins dictate
etoposide treatment, respectively. Overexpression of cell survival.
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70 stably expressed in H157 cells the GPI-linked decoy
60 receptor, DcR1, which binds TRAIL but does not signal

caspase activation (Sheridan et al., 1997). DcR150
W expression functions to bind TRAIL and effectively
Z 40 block TRAIL-induced apoptosis. The etoposide dose

, 30 response curves seen in Figure 8b demonstrate that as the
dose of genotoxin increases, the degree of apoptosis also•<2020 increases in WT H157 cells. With etoposide doses

•tw10 ranging from 1-100,uM with 48 h treatment, WT
MEKSc H157 cells displayed apoptotic responses ranging from

CyclinD2 clAP-1 clAP-2 18-52%. Two separate stable clones of H157 cells
. -lexpressing DcR1, as confirmed by flow cytometry

2 analysis of cell surface expression (data not shown),
"suppress etoposide-induced apoptosis relative to control

Figure 6 Gene profiling validations confirm the importance of H157 cells. H157 cells expressing DcR1 suppress etopo-
endogenous apoptotic mediators in genotoxin-induced apoptosis. side induced apoptosis rates by greater than 50% to
To further validate identified gene profiles, Sybr-green relative
RT-PCR was performed with total RNA obtained from WT levels of 6-24% over the same dose range used with WT
H157 and DNIcBo, H157 cells using primers corresponding to H157 cells (n=3, P<0.05 at all doses). DcR1 expression
cyclin D2, clAP-1, cIAP-2 and MEK5c. The graph represents the has a strong protective effect against etoposide induced
mean RNA fold change between WT H157 and DNIkcBa H157 cell death, consistent with a significant role for TRAIL in
cells treated with etoposide from two independent experiments the death response and diminished TRAIL signaling in
performed in triplicate while error bars are s.e.m. chemo-resistance to etoposide. Figure Sc demonstrates

that DcR1 protects against doxorubicin induced apop-
30% tosis as well. WT H157 cells increased from 4_+1% to

35+_3% apoptosis with 300 nM and 37+_2% apoptosis
25% 1oControl with 1 uM doxorubicin treatment. Two separate stable

X mEtopm n=3 clones of H157 cells expressing DcR1 suppressed the
"020% P < 0.o5.S doxorubicin induced apoptosis at 300 nM (22+0% for

- 51clone 1, 11 + 4% for clone 2, P < 0.05 vs WT) and at I IM
o(20±+1% for clone 1, 16+-4% for clone 2, P<0.05 vs

•140", WT). A similar effect of DcR I is seen in MDA-231 breast0L adenocarcinomas (not shown), demonstrating the pro-
<5% tective role of DcRl against genotoxins is a general

0%. function of the decoy receptor and not a unique response
0% in H 157 cells. The protective effect of DcR 1 expression isWselective for genotoxins such as etoposide and doxo-

Figure 7 NF-KB-mediated induction of DR5/TRAIL overcomes rubicin and is not seen with paclitaxel-induced H 157 cell
the endogenous activity of cIAP- 1 and clAP-2. H157 cells stably death (Figure 8d), confirming a significant role for
expressing clAP-I or -2 were made to determine if IAP over
expression counteracts the death receptor apoptotic response to TRAIL expression in the apoptotic response to specific
etoposide. WT H157 cells or H157 cells stably harboring IRES genotoxins but not microtubule toxins. Paclitaxel
vector alone, clAP-1, or cIAP-2 expression vectors were treated induced apoptosis to similar levels in WT and two
with or without etoposide and apoptosis was quantitated. separate DcR1 clones; 30 nM induced 52 + 6% in WT vs
Expression of clAP-1 and -2 blunted the apoptotic response of 58 + 1% in clone I vs 47 + 1% in clone 2 while 300 nm
H157 cells to etoposide by 50%. Data bars indicate the mean of 5i
three independent experiments performed in duplicate while error induced 52 + 4% in WT vs 62 +- 1% in clone I vs 51 + 5%
bars are s.e.m. in clone 2.

Discussion
Suppression of TRAIL death receptor signaling leads to

chemo-resistance Two different but converging experimental lines of
Induction of TRAIL expression in response to genotox- study are defining the importance of TRAIL-mediated
ins strongly correlates with the magnitude of apoptosis death signaling in cancer. Several studies have begun to
that is observed in normal lung and breast epithelium define mutations in the death receptors for TRAIL in
and carcinoma (Figure 8a). Cell surface TRAIL different cancers. In metastatic breast cancer (Han et
expression correlates with the apoptotic response to al., 2001), head and neck squamous cell cancer (Fisher
etoposide for primary human airway epithelium, H157 et al,, 2001; Ozoren et al., 2000; Pai et al., 1998), lung
lung squamous carcinoma cells, A549 lung adenocarci- cancer (Fisher et al., 2001; Lee et al., 1999; Wu et al.,
noma cells, ZR-75-1, and MDA-231 human breast 2000), and non-Hodgkin's lymphoma (Lee et al., 2001)
adenocarcinoma cells. To test the prediction that cell mutations have been defined in the death receptors for
surface TRAIL expression is an important autocrine or TRAIL. In numerous other cancers changes in the
paracrine response to genotoxin-induced cell death, we expression profile of TRAIL death receptors has also
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Figure 8 TRAIL mediates genotoxin-specific apoptosis. (a) Genotoxin-induced apoptosis correlates with TRAIL surface
expression. Primary human lung airway epithelial cells (HAEC), A549 and H157 lung carcinoma cells, MDA-231 and ZR-75-1
breast carcinoma cells were analysed for TRAIL surface expression and degree of apoptosis with and without etoposide or
doxorubicin. A linear correlation between surface expression of TRAIL and per cent apoptosis is seen in these cell lines with
R 2-= 0.903, demonstrating that genotoxins induce TRAIL expression with a concomitant induction in apoptotic response. (b) Stable
expression of DcR1 in H157 cells results in chemo-resistance to etoposide-induced apoptosis in a dose-dependent fashion. WT H157
or H157 stably expressing surface DcR1 cells were treated with a range of etoposide doses and assessed for apoptosis. Data points
represent the means of duplicate samples from two independent experiments while error bars are s.e.m. (c, d). DcR1 expression
correlates with chemo-resistance to doxorubicin (c), but not paclitaxel (d). Apoptosis assays demonstrate that DcR1 suppresses
doxorubicin-induced apoptosis, but is unable to inhibit paclitaxel-induced apoptosis. The apoptotic pathway affected by DcRl-
induced chemo-resistance is specific for etoposide and doxorubicin, suggesting an alternate paclitaxel-specific apoptotic pathway.
For c and d, means are from duplicate samples of experiments done on three separate occasions while error bars are s.e.m.

been defined. Cumulatively, these studies indicate that and doxorubicin stimulate cell surface expression of
expression or function of receptors that signal TRAIL- TRAIL in normal epithelium and multiple epithelia-
induced apoptosis is altered at frequencies approaching derived carcinoma cell lines. The use of a soluble DR4:Fc
50% in some cancers. Although the significance of fusion protein that binds TRAIL effectively suppresses
these mutations is presently unclear, their frequency genotoxin-induced apoptosis (Gibson et al., 2000). This
and potential survival advantage suggests they may finding demonstrates that surface TRAIL expression
contribute to tumorigenesis and possibly metastasis. contributes to genotoxin-induced cell death. Similarly,
TRAIL also has been shown to be decreased in reovirus-induced apoptosis involves expression of
oligodendrogliomas (Nakamura et al., 2000). Our work TRAIL in epithelial-derived tumor cell lines that is
and that of others are defining an involvement of a inhibited by DR4:Fc fusion proteins or anti-TRAIL

S paracrine action for TRAIL-induced apoptosis in antibodies (Clarke et al., 2000). In both studies the use of
chemotherapy (Altucci et al., 2001; Gibson et al., TNFo, or Fas ligand protein traps or antibodies did not
2000). Paracrine TRAIL-induced apoptosis is impor- inhibit cell death, demonstrating the specificity of TRAIL
tant for genotoxins like etoposide and doxorubicin but in both genotoxin and virus-induced apoptosis. We have
less important for the apoptotic response to micro- also used an alternative strategy, namely the expression of
tubule toxins. Mutations that inhibit TRAIL receptor the TRAIL decoy receptor, DcR1, to inhibit genotoxin
signaling or diminish TRAIL expression should but not paclitaxel-induced apoptosis. DcRl, DR4:Fc and
promote resistance to chemotherapy. anti-TRAIL antibody suppression of genotoxin-induced

What is the evidence that a paracrine TRAIL-induced apoptosis all demonstrate the importance of cell surface
apoptosis response is important in chemotherapy? Flow expression of TRAIL in specific apoptotic responses in
cytometric analysis clearly demonstrates that etoposide epithelial-derived carcinomas. Interestingly, both geno-
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2707 toxin- and reovirus-induced expression of TRAIL is doxorubicin. At the given time points, 50 a1 of a PBS solution

dependent on functional NF-KB signaling and inhibited containing 100 ug/ml acridine orange and 100 pg/ml ethidium
by DNIKB. It was also recently shown that retinoic acid- bromide was added to pelleted cells. Cells were visualized on a

induced apoptosis of acute promyelocytic leukemia cells fluorescent inverted microscope using a 40 x LWD lens and a

is mediated by a paracrine TRAIL action (Altucci et al., high pass FITC filter to allow for nuclear visualization. At
least 300 cells per plate were counted in a double blinded

2001). Cumulatively, the findings indicate paracrine fashion. Only cells with both condensed chromatin and
TRAIL-induced apoptosis is a major contributing membrane blebbing were scored as apoptotic.
mechanism to the action of different drugs and viral-
induced apoptosis of tumor cells.
- Profiling the NF-KB-dependent response to etoposide Flow cytometry for detection of suiface expressed TRAIL, DR4,
demonstrates the induction of many genes including
TRAIL and the IAPs. The IAPs are markedly induced Anti-TRAIL, anti-DR4, anti-DR5, and anti-DcR1 antibo-
in response to genotoxins and have the ability to dies were a kind gift from Immunex corporation. Flow

significantly inhibit etoposide-mediated cell killing. We cytometry was performed as previously described (Sedger et
did not observe a significant change in expression of aL, 1999). Cells were analysed using a FACScan flowdid ot ~seve sinifcantchage n epresio of cytometer (Becton Dickinson) running Cell Quest Software
Bcl-XL or any other Bcl-2 family member in H157 (Becton Dickinson).
cells. Furthermore, the use of paclitaxel, a microtubule
toxin that induces apoptosis primarily through phos-
phorylation and inactivation of Bcl-2 (Srivastava et al., Western blotting
1999; Strobel et al., 1996), did not depend on NF-KcB Western blotting was performed as previously described
activity for initiating programmed cell death. At least (Gibson et al., 2000). IKBoc antibody was used at a
in H157 lung squamous carcinoma cells, our studies concentration of 1: 500 (Santa Cruz).
would argue that NF-KcB-dependent IAP expression is
a significant mechanism for the survival function of Xenograft implantation
NF-KB signaling. These findings indicate that activa- 1 x 106 cells per 100 pl 1 x PBS and 100 A1 growth factor
tion of NF-KB in response to genotoxins stimulates a reduced matrigel were injected on athymic nude mice
TRAIL death response and an IAP survival response. posterior flanks. Tumor volumes were measured twice a
In different cancers, the magnitude of TRAIL expres- week, and tumor volumes were calculated using the formula
sion for paracrine-mediated apoptosis versus IAP volume = length2*width*n/6. Treated mice were given 15 mg/
expression for survival is going to influence the kg etoposide or 15 mg/kg paclitaxel intraperitoneally on days
chemo-sensitivity of the tumor. For example, tumor 7, 14 and 21.
cells that lose the TRAIL paracrine response may be
particularly chemo-resistant. Clinically, the administra- Affymetrix gene chip profiling
tion of recombinant TRAIL concurrent with genotoxin Total RNA was isolated per manufacturer's recommendation
based chemotherapy may help tilt the balance of NF- with RNAzol (Tel-Test) from WT H157 cells and DNIKBa
KcB mediated signaling towards tumor cell apoptosis. H157 cells treated for 0, 12, or 24 h with 100 pm etoposide

(Sigma chemicals). Probes were generated per Affymetrix
recommendations. Hu6800 probe arrays were then read with

Materials and methods an argon laser in the HP GeneArray Scanner.

Generation of stable clones Gene profile analysis

The cDNA for DNIcBa was excised from a CMV hIKcBa Raw data was normalized separately in both GeneChip and
32S/32A vector and cloned into the HindIII/XbaJ sites of GeneSpring to maximize sensitivity and specificity by using
pcDNA3.l(+). H157 cells were transfected with lipofecta- two different mathematical algorithms. All genes identified
mine (Gibco BRL) and selected for neomycin resistance. in the lists had a twofold or greater change in expression
Clones were screened for IKBca over-expression by Western between WT H157 and Time zero, 12 h, and 24 h time
blot and gel shift assay for loss of NF-KB DNA binding with points with or without etoposide treatment were treated as
nuclear extracts from cells treated with and without PMA. replicate experiments. Only genes whose expression profiles
DcR1 stable cell lines were similarly generated with were consistent across these time points were included in
pcDNA3.1(+)/DcR1. After the clones grew to acceptable the final gene lists. Further stringency was applied by
numbers, flow cytometry for surface expression of DcRl was excluding genes identified as absent in both groups by
performed to verify G418 resistant clones over-expressing GeneChip.
DcRl, cIAP-1, cIAP-2, and cIAP-1-AS stable clones were
generated by cloning into the EcoRl site of IRES vector Sybr green RT- PCR
(Clontech), selecting for G418 resistance, and performing
flow cytometry to confirm GFP expression. IAP expression RNA was isolated with RNAzol (Tel-Test). RNA samples
was confirmed by RT-PCR. were additionally treated with DNAse for 15 min at 37'C.

PCR primers for amplification were selected utilizing Primer
ExpressTM software (PE Applied Biosystems). All samples
were normalized utilizing 18 s rRNA as an endogenous

H157 and DNIKBa H157 cells were treated with 100 yM control. Each amplification was replicated in triplicate with
etoposide, 30 nM paclitaxel, 300 nM paclitaxel, or 1 mM total RNA isolated from three separate experiments.
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Mammalian reovirus infection results in perturbation of host cell cycle progression. Since reovirus infection
is known to activate cellular transcription factors, we investigated alterations in cell cycle-related gene
expression following HEK293 cell infection by using the Affymetrix U95A microarray. Serotype 3 reovirus
infection results in differential expression of 10 genes classified as encoding proteins that function at the
G1 -to-S transition, 11 genes classified as encoding proteins that function at G2 -to-M transition, and 4 genes
classified as encoding proteins that function at the mitotic spindle checkpoint. Serotype 1 reovirus infection
results in differential expression of four genes classified as encoding proteins that function at the Gl-to-S
transition and three genes classified as encoding proteins that function at G2-to-M transition but does not alter
any genes classified as encoding proteins that function at the mitotic spindle checkpoint. We have previously
shown that serotype 3, but not serotype 1, reovirus infection induces a G2-to-M transition arrest resulting from
an inhibition of cdc2 kinase activity. Of the differentially expressed genes encoding proteins regulating the
G2-to-M transition, chkl, weel, and GADD45 are known to inhibit cdc2 kinase activity. A hypothetical model
describing serotype 3 reovirus-induced inhibition of cdc2 kinase is presented, and reovirus-induced perturba-
tions of the Gt-to-S, G2-to-M, and mitotic spindle checkpoints are discussed.

Perturbation of cell cycle regulation is a characteristic of 3 Abney (T3A) inhibit cellular DNA synthesis to a greater
infection by viruses belonging to a diverse group of viral fam- extent than the serotype 1 prototype strain type 1 Lang (T1L)
ilies. The reasons viruses stimulate proliferation or induce cell in a variety of cell lines (20, 23, 75, 82). Studies using TIL X
cycle arrest are not completely understood. In some cases, T3D and TIL X T3A reassortant viruses indicate that the
virus replication may depend on the availability of host cell serotype 3 S1 gene is the primary determinant of differences in
precursors, whose abundance varies in a cell cycle-specific the capacity of reovirus strains to inhibit DNA synthesis (75,
manner. In other cases, kinases critical in regulating cell cycle 82). The reovirus S1 gene segment is bicistronic, encoding the
progression may be essential for phosphorylating viral proteins viral attachment protein, al, and a non-virion-associated pro-
(reviewed in reference 58). tein, urls, from overlapping, alternative open reading frames

Reoviruses infect a variety of mammalian hosts and serve as (53).
an important experimental system for studying the molecular Studies using purified recombinant serotype 3 ul protein
bases of viral pathogenesis (reviewed in reference 80). Reovi- and an anti-idiotype antibody (87.92.6) generated against the
ruses also provide a valuable model for studying virus-induced T3D orl-specific monoclonal antibody 9BG5 suggest that inhi-
perturbations in cell cycle regulation, since reovirus infection bition of DNA synthesis in some cells may result from engage-
has been associated with G, arrest, G2/M arrest, and disruption ment of a cell surface receptor by o,1 (23, 70-72). For example,
of the mitotic spindle apparatus (see below). Inhibition of host treatment of RIi thymoma cells with purified T3D n- results
cell DNA synthesis is one of the earliest cytopathic effects in a reversible G,-to-S transition arrest (70, 71). The mecha-
observed following serotype 3 reovirus infection in cultured nism for T3D ri-induced G,-to-S arrest is not clear but may
cells (reviewed in reference 53). It was originally suggested that involve inhibition of p2iras (Ha-ras), since overexpression of
serotype 3 reovirus-induced inhibition of cellular proliferation
resulted from inhibition of the initiation of DNA replication Ha-ras prevents T3D ul-induced G1-to-S transition arrest (71,
(14, 27, 68). However, the degree of cell culture synchroniza- 72).

tion prior to infection was either incomplete or not specified in We have shown that reovirus infection inhibits cellular pro-

these studies, impeding accurate identification of the cell cycle liferation by inducing a G2/M phase cell cycle arrest in a variety

phase affected (14, 68). of cell types (63). T3A and T3D induce G2/M phase cell cycle
Serotype 3 prototype strains type 3 Dearing (T3D) and type arrest to a greater extent than T1L (63). Like strain-specific

differences in the capacity of reovirus to inhibit DNA synthesis
Corresponding a(82), strain-specific differences in the capacity of reovirus to* Crreponingauthor. Mailing address: Department ofNeurology induce G2/M phase cell cycle arrest are determined by the

(B-182), University of Colorado Health Sciences Center, 4200 E. 9th
Ave., Denver, CO 80262. Phone: (303) 393-2874. Fax: (303) 393-4686. serotype 3 S1 gene (63). The Sl-encoded n-ls protein is both
E-mail: Ken.Tyler@UCHSC.edu. necessary and sufficient to induce G2/M arrest, since a n-is-

2585



2586 POGGIOLI ET AL. J. VIROL.

deficient reovirus mutant fails to induce G2 /M arrest and in- identify differentially regulated transcripts important for serotype 3 reovirus-

ducible expression of crls results in accumulation of cells in the induced cell cycle perturbation, an identical experiment using TIL was per-
G2/M phase of the cell cycle (63). formed. UV light-inactivated virus was generated for reverse transcription-PCR

(RT-PCR) experiments, by exposing T3A virion stocks to short-wave (254-nm)

G2 -to-M transition requires the formation and activation of UV light under conditions sufficient to generate an intensity of 560 p.W/cm
2 

for

the p34"c 2/cdk1 (cdc2)-cyclin B heterodimeric complex (re- 15 min (energy level determined with a Blak-Ray J-225 short-wave UV intensity

viewed in references 38 and 55). Activation of the cdc2-cyclin meter). These conditions produce inactivated virus stocks devoid of infectious

B complex is regulated by inhibitory phosphorylation of cdc2 virus, as determined by plaque assay (<10 PFU/ml). The inoculum of UV virus
used was calculated based on the number of infectious particles prescnt in T3A

(76). We showed that cdc2 kinase activity is inhibited following stock prior to UV inactivation.

serotype 3, not serotype 1, reovirus infection (62). Inhibition of cRNA target preparation and hybridization. Cells were harvested at 6, 12, and

cdc2 kinase activity is, in part, due to serotype 3 ls-dependent 24 h postinfection and washed with phosphate-buffered saline, and total RNA

phosphorylation of cdc2 (62). However, the pathway(s) leading was isolated by using the RNeasy Mini Kit (Qiagen, Valencia, Calif.). Ten

to cdc2 kinase inhibition following serotype 3 reovirus infec- micrograms of RNA was converted to eDNA by using SuperScript Choice
(Gibco-BRL), substituting high-performance liquid chromatography-purified

tion remains unclear. T7-oligo-d(T) 24 for random primers. Second-strand synthesis was performed
Since G2 phase arrest cannot easily be distinguished from M using T4 DNA polymerase, and eDNA was isolated by phenol-chloroform cx-

phase arrest by flow cytometry using DNA intercalating dyes, it traction using phase lock gels, Isolated cDNA was in vitro transcribed by using

is possible that both G2-to-M checkpoint arrest and mitotic the BioArray High Yield RNA Transcript Labeling Kit (Enzo Biochem, New
streovtrus-induced G2/ York, N.Y.) supplied with biotin-labeled UTP and CTP to produce biotin-

spindle checkpoint arrest contribute to rlabeled eRNA. Labeled cRNA was isolated by using an RNeasy Mini Kit column

phase cell cycle arrest. Electron microscopic studies have (Qiagen) and quantified for purity and yield. cRNA was fragmented in 100 mM

shown that reovirus particles align along parallel arrays of potassium acetate-30 mM magnesium acetate-40 mM Tris-acetate (pH 8.1) for

microtubules and have the capacity to bind microtubules in 35 min at 94'C, and hybridization performance was analyzed by using Test 2

vitro (3). Serotype 3 reovirus particles associate with microtu- arrays (Affymetrix, Santa Clara, Calif.). Target cRNA was hybridized to the
U95A microarray (Affymetrix) according to Affymetrix protocols. Briefly, 15 jg

bules of the mitotic spindle apparatus in infected cells (15) and of fragmented cRNA was hybridized for 16 Is at 450C with constant rotation (60

require microtubule stability for fast axonal transport (81). In rpm). Microarrays were washed and stained with streptavidin-conjugated phy-
addition to association with microtubules, reovirus infection eoerythrin (SAPE) by using the Affymetrix GeneChip Fluidic Station 400. Stain-

results in progressive disruption and reorganization of the vi- ing intensity was antibody amplified by using a biotinylated anti-streptavidin

mentin (intermediate) filament network (74). The binding of antibody at 9 concentration of 3 jig per ml followed by a second SAPE stain and
was visualized at 570 nm. All hybridization steps were performed at the Univer-

reovirus to microtubules and the disruption of vimentin flia- sity of Colorado Health Sciences Center (UCHSC) Cancer Center Microarray

ments may lead to changes in microtubule tension or binding Facility.
to the kinetochore. Reovirus-induced disruption of the micro- Data analysis. Each gene on the U95A array is represented by 20 different

tubule-kinetochore association could lead to activation of the 25-base eDNA oligonucleotides complementary to a cRNA target transcript
mitotic spindle checkpoint and M phase cell cycle arrest ( (perfect match). As a hybridization specificity control, an oligonuclcotidc con-

(2, taining a single base substitution corresponding to each perfect-match eDNA

78). oligonucleotide (mismatch) is represented on the array. The combination of
Serotype 3 reovirus infection activates the cellular transcrip- perfect-match and mismatch eDNA oligonucleotides for each gene is termed a

tion factors NF-KB (4, 13) and c-Jun (P. Clarke, personal probe set. By using Affymetrix-defined absolute mathematical algorithms de-

communication). Activation of transcription factors following scribing perfect-match and mismatch intensities, each gene was defined as absent
or present and assigned a value. Binding intensity values were scaled to evaluate

reovirus infection suggests that gene expression is critical in differential expression following reovirus infection. By using Affymetrix-defined

reovirus-induced pathogenesis. To identify potential pathways comparison mathematical algorithms, a reovirus-induced transcript was classified

leading to serotype 3 reovirus-induced inhibition of prolifera- as not changed, marginally increased, marginally decreased, increased, or de-

tion, we conducted experiments to investigate the transcrip- creased, and a fold change in expression was calculated. Nucleotide accession
numbers for transcripts cited in the text that were not changed appear in Table

tional response following serotype 3 and serotype 1 reovirus 2. Since each condition was performed in duplicate, we used two additional

infections. High-throughput screening of more than 12,000 criteria, as follows, to classify a gene as significantly up- or downregulated

genes using oligonucleotide microarrays has identified poten- following reovirus infection. (i) Reovirus-induced expression of a gene at each

tial reovirus-induced signaling pathways involved in cell cycle time point must be classified as increased or marginally increased (or decreased

control. Of the genes differentially expressed following reovi- or marginally decreased) in each virus-infected condition compared to each
mock-infected condition. (ii) The mean fold change in reovirus-induced gene

rus infection, several encode regulators of the critical G,-to-M expression must be greater than 2. Mean transcriptional expression of a given

transition kinase cdc2. gene at a given time point was calculated as the sum of the fold change in gene
expression for each virus-infected condition compared to each mock-infected
condition divided by 4. Standard errors in mean transcriptional expression of aMATERIALS AND METHODS
gene were also calculated.

Infection. Human embryonic kidney (HEK293) cells (ATCC CRL1573) were RT-PCR. HEK293 cells were infected as described above. Additional cells
plated in T75 flasks (Becton Dickinson, Franklin Lakes, N.J.) at a density of 5 X were infected with UV-inactivated T3A virus (replication incompetent) as a
10' cells per flask in a volume of 12 ml of Dulbecco's modified Eagle's medium control to assess whether active replication was required for the effects observed
supplemented to contain 10% heat-inactivated fetal bovine serum, 2 mM L- with T3A-infected cells (see "Infection" above for description of UV-inactivated
glutamine (Gibco-BRL, Gaithersburg, Md.), 1 mM sodium pyruvate (Gibco- T3A virus). Cells were harvested at 12 and 24 h postinfection and washed with
BRL), and 100 U of penicillin per ml and 100 jig of streptomycin per ml phosphate-buffered saline, and RNA was isolated. Five micrograms of RNA was
(Gibco-BRL). After 24 h of incubation, when cells were 60 to 70% confluent, the converted to cDNA by using the Superscript Preamplification System (Gibco-
medium was removed, and cells were infected with viral strain T3A at a multi- BRL) supplied with oligo-d(T)1 2_18 primer. Reverse transcription was performed
plicity of infection (MOI) of 100 PFU per cell in a volume of 2 ml at 37°C for 1 h. at 42°C for 1 h. PCR was performed using primers generated against chkl
A high MOI was used to ensure that all susceptible cells were infected, and (AF016582) (forward primer, 5'-CTG AAG AAG CAG TCG CAG TG-3';
studies in our laboratory indicate that a high MOI enhances the reproducibility reverse primer, 5'-TTC CAC AGG ACC AAA CAT CA-3'), weel (U10564)
of gene expression studies. Following infection, 10 ml of Dulbecco's modified (forward primer, 5'-AAC CTC AAT CCC AAA TGC TG-3'; reverse primer,
Eagle's medium was added and flasks were incubated at 37°C. Cells used for 5'-TTG CCA TCT GTG CTT TCT TG-3'), the growth arrest and DNA damage-
control infections were inoculated with a virus-free cell lysate control. In order to inducible protein 45 (GADD45) (M60974) (forward primer, 5'-TGC GAG AAC
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GAC ATC AAC AT-3'; reverse primer, 5'-TCC CGG CAA AAA CAA ATA reovirus infection was increased. T1L infection resulted in dif-
AG-3'), and P-actin (BC004251) (forward primer, 5'-GAA ACT ACC TTC ferential regulation of 23% of transcripts differentially regu-
AAC TCC ATC-3'; reverse primer, 5'-CGA GGC CAG GAT GGA GCC lated by T3A at 24 h postinfection. The transcript encoding
GCC-3'), yielding product sizes of 495, 506, 200, and 219 bp, respectively. PCR
cycle conditions were 94°C for 30 s, 55°C for 30 s, and 72°C for 1 min for 25 E2F6 was the only cell cycle-related transcript differentially
cycles. Dilutions of cDNA were performed to determine the linear range for each regulated by T1L infection that was not differentially regulated
primer pair. PCR products were resolved on a 2% agarose gel containing by T3A infection. Of the nine T3A-regulated transcripts en-
ethidium bromide and were visualized with UV light. Densitometric analysis was coding proteins that function at the G,-to-S transition at 24 h
performed using a FluorS Multilmager System and Quantity One software (Bio-
Rad, Hercules, Calif.). postinfection, two (22%) were differentially regulated by T1L.

Of the nine T3A-regulated transcripts encoding proteins that
RESULTS function at the G2-to-M transition at 24 h postinfection, three

(33%) were differentially regulated by T1L. These results in-
Reovirus-induced alterations in gene expression. Previous dicate that serotype 3 reovirus infection perturbs the differen-

work has established that serotype 3, not serotype 1, reovirus tial expression of genes encoding proteins that regulate the
infection induces perturbations in cell cycle regulation in mul- Gl-to-S, G2-to-M, and mitotic spindle checkpoints and that
tiple cell lines, including HEK293 cells. To identify potential T1L infection results in differential regulation of a subset of
pathways exploited by serotype 3 reovirus to deregulate the these transcripts. In addition, the earliest detectable changes in
host cell cycle, we evaluated the profile of HEK293 cellular gene expression following T3A infection were for genes en-
gene expression following T3A infection at 6, 12, and 24 h by coding G2-to-M regulatory proteins, suggesting that deregula-
using the Affymetrix U95A microarray. We found that sero- tion of the G2-to-M transition is an early event following se-
type 3 reovirus infection induced significant changes in the rotype 3 reovirus infection.
expression of 25 genes encoding proteins regulating cell cycle Reovirus-induced alterations in genes encoding proteins
progression. Ten genes (40%) were classified as encoding pro- that regulate G,-to-S progression. Treatment of specific cell
teins that function at the G,-to-S transition, 11 genes (44%) types, including R1.1 thymoma cells, with purified T3D crl
were classified as encoding proteins that function at the G2- protein leads to a reversible Gl-to-S transition arrest that de-
to-M transition, and 4 genes (16%) were classified as encoding pends on the inhibition of Ha-ras (70-72). Ten genes encoding
proteins that function at the mitotic spindle checkpoint (Table proteins that function at the G,-to-S transition were altered
1). Twenty cell cycle-related transcripts were increased follow- following serotype 3 reovirus infection. The level of Ha-ras
ing serotype 3 reovirus infection, and five transcripts were gene expression was not changed following reovirus infection.
decreased. Four of the five downregulated genes were classi- Expression of the gene encoding N-ras was also not inhibited
fled as transcripts encoding proteins regulating G,-to-M tran- and was, in fact, increased 2.1-fold +_ 0.2-fold in serotype 3
sition. No cell cycle-related genes were differentially expressed reovirus-infected cells at 24 h postinfection (Table 1).
at 6 h postinfection. At 12 h, five cell cycle-related genes were The Gj-to-S transition requires activation of cyclin-depen-
found to be differentially expressed following serotype 3 reo- dent kinases (cdk) (57). cdk2, -4, and -6 kinase activity results
virus infection, two were upregulated, and three were down- in phosphorylation of the retinoblastoma protein (pRb) and
regulated. Four of the five genes altered at 12 h postinfection the pRb-related proteins p107 and p130. Phosphorylation of
were classified as transcripts encoding proteins regulating the pRb leads to activation of the transcription factor E2F (31).
G2-to-M transition. At 24 h postinfection, 23 cell cycle-related The level of cdk4 gene expression was not changed following
genes were found to be differentially expressed, 19 were up- reovirus infection (Table 2). cdk2 and -6 were not represented
regulated, and 3 were downregulated. One transcript found to on the U95A microarray. Levels of pRb, p107, p130, and E2F1,
be upregulated and one found to be downregulated at 12 h -2, -4, -5, and -6 gene expression were not changed following
post-T3A infection were increased and decreased at 24 h reovirus infection (Table 2), except for the transcript encoding
postinfection, respectively. Histone H1, histone H2A, and E2F6, which was upregulated 2.1-fold ± 0.1-fold following T1L
weel were represented twice on the array, and histone H2B infection (Table 1). Activation of cdk2, -4, or -6 requires bind-
was represented six times. Fold changes in gene expression for ing to cyclin E or cyclin D (31). Cyclin E expression was
replicates and for multiple representations of a gene were reduced 2.8-fold + 0.1-fold in serotype 3 reovirus-infected
highly reproducible. cells. However, the level of cyclin E2 (a cyclin E isoform) gene

To identify differentially regulated transcripts important for expression was increased 2.1-fold ± 0.2-fold in serotype 3 re-
serotype 3 reovirus-induced cell cycle perturbation, we com- ovirus-infected cells (Table 1). Levels of cyclin D1, -2, and -3
pared the profile of HEK293 cellular gene expression following expression were not changed following reovirus infection (Ta-
TIL infection at 24 h postinfection using the Affymetrix U95A ble 2).
microarray. We found that serotype 1 reovirus infection in- Activation of cdk2 depends on its phosphorylation state
duced significant changes in the expression of six genes encod- (57). The level of protein phosphatase 2C (PP2C) gene expres-
ing proteins regulating cell cycle progression. Three genes sion at 24 h after infection with T3A was 5,3-fold ± 0.4-fold
(50%) were classified as encoding proteins that function at the greater than that for a mock-infected control. cdk-cyclin com-
Gl-to-S transition, and three genes (50%) were classified as plex activity is known to be inhibited by cdk inhibitors (CDKI)
encoding proteins that function at the G2-to-M transition (Ta- (29, 31). Levels of CDKI expression, including p2 lWA1FI/(1'1P
ble 1). TIL infection did not alter any genes classified as p27KaP', p5 7 KP2, p16INK4 , p1 59 NK:b and p 19 1NK 4

d were not
encoding proteins that function at the mitotic spindle check- changed following reovirus infection (Table 2). Since active
point at 24 h postinfection (Table 1). Each cell cycle-related cdk2, -4, or -6 kinase results in E2F-dependent transcription,
transcript that was differentially regulated following serotype 1 the transcriptional level of E2F-responsive genes necessary for
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TABLE 1. Reovirus-induced alterations in expression of genes known to regulate the cell cycle

Fold change in expression' at the indicated time after infection with:

Gene' Accession no.' T3A
TIL (24 h)

12 h 24 h

G5 -S checkpoint
N-Ras X02751 2.1 t 0.2
Cyclin E M73812 -2.8 ± 0.1
Cyclin E2 AF091433 2.1 ± 0.2
PP2C-a AF070670 5.3 ± 0.4
C-1d U41816 2.2 ± 0.1
ANA' D64110 2.9 ± 0.1 2.5 ± 0.1
E2F6 AF041381 2.1 ± 0.1
Histone HI X03473f 2.7 ± 0.1 2.3 ± 0,2

3.1 ± 0.2 2.1 ± 0.2
Histone H2A L197799 2.0 ± 0.1

A1885852 2.2 ± 0.1
Histone H2B X000889 2.0 ± 0.1

Z80782 2.8 ± 0.1
Z80780 3.1 ± 0.3
Z80779 3.2 ± 0.2
AA873858 5.8 ± 0.6

Histone H4 X00038 4.7 :t 0.5

G2-M checkpoint
wee-I U105649 2.4 ± 0.1 1.9 0.10

X62048 2.5 ± 0.1 2.0 0.1
chk-1 AF016582 3.2 ± 0.1
GADD45 M60974 3.3 ± 0.2 4.9 ± 0.1 4.4 ± 0.1
B56-P subunit of PP2A L42374 -3.1 ± 0.3
SG2NA U17989 2.4 ± 0.2 2.5 - 0.2
FRP1 U49844 -2.1 ± 0.1
PCTAIRE-2 X66360 2.6 ± 0.1
Trap AB025254' 2.0 ± 0.3
C-2K X80230 -2.1 ± 0.1
SAK Y13115 3.8 ± 0.5
Ki-67 antigen' X65550 -1.9 ± 0.0 -2.3 ± 0.2

Mitotic spindle checkpoint
BUB-3 AF047472 2.2 ± 0.1
MPPlI X98260 2.0 ± 0.1
HZWINT1 AF067656 2.6 ± 0.0
Nuc-2k S78234 2.1 ± 0.2

Genes that are not addressed in the text are described in footnotes.
b Corresponds to the nucleotide accession number assigned to the Affymctrix probe set on the U95A microarray.
"Values are means ± standard errors of the means from two independent experiments. A negative number indicates that the transcript was downregulated. Wherc

no value is given, there was no change.
d A possible transcription factor with activity at the GI-to-S transition (37).
" Overexpression leads to retardation of cell cycle progression through the G, phase (85).
f Represented twice on the U95A microarray.
g Represented multiple times on the U95A microarray.
h This gene was not considered upregulated as defined in Materials and Methods, because it was found to be increased in three of four analyses.
'Affymctrix-assigned GenBank accession number refers to partial coding sequence for Trap. The complete coding sequence is at AB030644.
i General marker of proliferation; may be regulated by cdc2 (reviewed in references 18 and 73).
' An APC component (reviewed in reference 59); may also play a role in the GI-to-S transition (8, 44).

the Gl-to-S transition, including cyclin E, cyclin A, cdc2, herent pattern of gene expression encoding key G,-to-S check-

cdc25C, p2 1WAF5C/Ct, c-myc, B-myb, p107, E2F1, E2F2, dihy- point control proteins is consistent with our observation that
drofolate reductase, thymidine kinase, DNA polymerase cX, reovirus infection does not induce G1 arrest in HEK293 cells.
histone H2A, and cdc6, serve as a measure of cdk2, -4, or -6 However, we did find changes in the expression of genes en-
kinase activity (26). Levels of these E2F-responsive transcripts coding histones, cyclin E and E2, and some E2F-responsive
were not changed following reovirus infection except for cyclin transcripts following serotype 3 reovirus infection.

E, c-myc, and DNA polymerase (x, which were downregulated Reovirus-induced alterations in genes encoding proteins
2.8-fold ± 0.1-fold, 2.0-fold ± 0.0-fold, and 2.5-fold + 0.2-fold that regulate the G2 -to-M progression. We have previously
following serotype 3 reovirus infection, respectively, and his- shown that serotype 3 reovirus-induced G 2/M phase cell cycle
tone H2A and cdc2, which were upregulated 2.0-fold -_- 0.1- arrest is due to inhibitory phosphorylation of cdc2 (62). Eleven

fold or 2.2-fold ± 0.1-fold and 1.8-fold in serotype 3 reovirus genes encoding proteins that function at the G 2 -to-M transi-
compared to mock-infected cells. The failure to detect a co- tion were altered following serotype 3 reovirus infection. These
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TABLE 2. Nucleotide accession numbers for genes mentioned in viral replication is not necessary but may augment the expres-
the text that were not changed following T3A or TIL infection sion of weel in reovirus-infected cells (Fig. 1). Increased levels

Gene Accession number" of weel kinase may result in inhibitory phosphorylation of cdc2

ATM ............................................................... U26455 following serotype 3 reovirus infection, but increases in weel
B-myb ............................................................. X13293 are not sufficient for serotype 3 reovirus-induced phosphory-
BUB1 .............................................................. AF053305 lation of cdc2, since T1L infection results in similar increases in
cdc25C ............................................................ M 34065 weel gene expression.
cdc6 ................................................................. U 77949
cdk4 ................................................................ U37022 Increased inhibitory phosphorylation of cdc2 following reo-
Cyclin A ......................................................... X51688, U668381 virus infection could also result from inactivation of the cdc2-
Cyclin B .......................................................... M25753 specific phosphatase cdc25C (reviewed in reference 38). Fol-
Cyclin DI ....................................................... M64349 lowing reovirus infection, the level of cdc25C gene expression
Cyclin D 2 ....................................................... X 68452
Cyclin D3 ....................................................... M92287 was not changed (Table 2). The kinase chkl can enhance weel
Dihydrofolate reductase ............................... J00146, J00140, J00 139b kinase activity (56) and inhibit cdc25C phosphatase activity
E2F1 ............................................................... U47677, M96577b (22). The level of chkl gene expression at 24 h post-T3A
E2F2 ............................................................... L22846 infection was 3.2-fold + 0.1-fold greater than that for a mock-
E 2F4 ............................................................... S75174
E2F5 ............................................................... U15642 infected control and was unchanged in TiL-infected cells (Ta-
E2F6 ............................................................... AF041381 ble 1). The increase in chkl gene expression following T3A
Ha-ras ............................................................. J00277 infection was confirmed by RT-PCR and was 3.6-fold greater
MAD2 ............................................................ AJ000186, U65410b than that for a mock-infected control at 24 h postinfection (Fig.
M A D 3 ............................................................ A F053306
pRb ................................................................. M15400, L49219, L49229, 1). In contrast, chkl transcripts were not altered following TL

L41913, L41870b infection, as assessed by RT-PCR. chkl transcripts were
p107 ................................................................ L14812 slightly increased in UV-inactivated T3A-infected cells com-
p130 ........................................ ........................ X74594, X76061b pared to mock-infected cells (1.6-fold increase), again suggest-p15 I K b.......................................................... AF004819, L368440plN'

45 .  .  .  .  . . F089,L64bing that active viral replication is not required but may aug-
p16 4 .......................................................... U 26727
p19tN 4d ......................................................... U40343 ment differential expression of chkl following T3A infection
p21wAF1/cIP .................................................. U03106 (Fig. 1). These results suggest that increased levels of chkl
p27 ............................................................ U10906 kinase may result in inhibitory phosphorylation of cdc25C on
p57 KI............................................................ D64137, U223985b Ser-216 and activation of weel following serotype 3 reovirusThymidine kinase .......................................... K02581, M 15205, U80628b i f ci ninfection.

"Corresponds to the nucleotide accession number assigned to an Affymetrix In addition to the inhibition of cdc2 by phosphorylation,
probe set on the U95A microarray.

b Represented multiple times on the U95A microarray. serotype 3 reovirus-induced G 2 /M phase cell cycle arrest could

result from dissociation of cdc2 from cyclin B. The level of
cyclin B gene expression was not changed following reovirus

changes were among the earliest changes in gene expression infection (Table 2), consistent with our studies suggesting that

identified in serotype 3 reovirus-infected cells. The level of changes in the level of cyclin B protein are not responsible for

cdc2 gene expression at 24 h post-T3A infection was 1.8-fold reovirus-induced G2-to-M transition arrest (62).

greater than that in a mock-infected control. We have not GADD45 is known to inhibit cdc2 kinase activity by physi-

reproducibly detected changes in levels of cdc2 protein in reo- cally dissociating cdc2 kinase from cyclin B (87). To determine

virus-infected cells; however we have consistently found an whether GADD45 could be responsible for reovirus-induced

increase in the proportion of hyperphosphorylated cdc2 fol- inactivation of cdc2, we analyzed the transcriptional expression
lowing serotype 3 reovirus infection (62). An increase in cdc2 of GADD45 following serotype 3 reovirus infection. Levels of

phosphorylation could result from an increase in weel kinase GADD45 gene expression at 12 and 24 h after infection with

activity, which directly phosphorylates and inactivates cdc2 T3A were 3.3-fold ± 0.2-fold and 4.9-fold + 0.1-fold greater
(60). weel was determined to be upregulated at 24 h postin- than those for a mock-infected control, respectively (Table 1).
fection by using the U95A microarray (Table 1). Levels of The increase in GADD45 gene expression following T3A in-
weel gene expression at 24 h post-T3A infection were 2.4-fold fection was confirmed by RT-PCR and was 4.5-fold greater
± 0.1-fold (for accession number U10564) and 2.5-fold ± than that for a mock-infected control at 24 h postinfection (Fig.
0.1-fold (for accession number X62048) greater than those for 1). The level of GADD45 gene expression at 24 h after infec-
a mock-infected control. Levels of weel gene expression at tion with T1L was 4.4-fold ± 0.1-fold greater than that for a
24 h post-T1L infection were 1.9-fold ± 0.1-fold (for accession mock-infected control, and this increase was confirmed by RT-
number U10564) and 2.0-fold + 0.1-fold (for accession num- PCR (5.2-fold increase [Fig. 1]). A small but measurable in-
ber X62048) greater than those for a mock-infected control. crease in the level of GADD 45 transcripts was noted by
The increases in weel gene expression following T3A and T1L RT-PCR analysis in cells infected with UV-inactivated T3A
infection were confirmed by RT-PCR and were 2.3- and 2.4- compared to mock-infected cells (1.3-fold increase [Fig. 1]).
fold greater, respectively, than those for a mock-infected con- This suggests that increased levels of GADD45 may result in
trol at 24 h postinfection (Fig. 1). RT-PCR analysis of UV- inhibition of cdc2 by physically dissociating cdc2 from cyclin B
inactivated T3A-infected cells, demonstrated a small but following serotype 3 reovirus infection, but increases in
measurable increase in weel transcripts compared that for to GADD45 are not sufficient for serotype 3 reovirus-induced
mock-infected cells (a 1.6-fold increase), indicating that active phosphorylation of cdc2, since T1L infection results in a sim-
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a
Mock T3A TLL UV-T3A

weel

chkl

FIG. 1. weel, chkl, and GADD45 transcripts are increased follow-
ing reovirus infection. (a) HEK293 cells were either mock infected or
infected with T3A, TIL, or UV-inactivated T3A at an MOI of 100 PFU

GADD45 per cell. mRNA was collected at 24 h postinfection and analyzed for
chkl, weel, and GADD45 transcripts by RT-PCR to confirm microar-
ray analyses and also to assess the importance of replication compe-
tence for the observed changes in gene expression. P3-Actin was used as
a control in each RT-PCR to ensure matched total mRNA and equiv-

Actin alent amplication conditions for each experimental sample. (b) Quan-
titative densitometric analysis of specific mRNA abundance in each
sample.

b

5Mock
•. 1 • T3A

• 2-A/... ....... [ TIL

W El•.- -.• UV-T3A

weel chkl GADD45

ilar increase in GADD45 gene expression. Thus, we found that coding proteins that function at the mitotic spindle checkpoint
reovirus infection induces changes in expression levels of genes were altered following reovirus infection. The transcriptional
encoding key proteins regulating cdc2 kinase activity, including levels of mitotic spindle checkpoint components that monitor
wee1, chk1, and GADD45, which is consistent with the findings of spindle abnormalities, including MAD2, MAD3, and BUB1,
our previous studies suggesting a central role for cdc2 inhibition were not changed following reovirus-infection (Table 2). The
in serotype 3 reovirus-induced G2/M phase cell cycle arrest (63). level of BUB3 gene expression at 24 h after infection with T3A

Reovirus-induced alterations in genes encoding proteins was 2.2-fold ±- 0.1-fold greater than that for a mock-infected
that regulate mitotic spindle checkpoint signaling. Reovirus control (Table 1). Activation of the mitotic spindle checkpoint
particles are capable of binding microtubules, and infection leads to inhibition of the anaphase-promoting complex (A'PC)
results in progressive disruption of vimentin filaments. and M phase cell cycle arrest (2, 78). Expression of the gene
Changes in microtubule tension or binding to the kinetochore encoding Nuc2, an APC component, was 2.1-fold ± 0.2-fold
could lead to reovirus-induced mitotic arrest. Four genes en- greater than that for a mock-infected control (Table 1). These
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results suggest that serotype 3 reovirus-induced alterations in MA
gene expression may induce M phase cell cycle arrest.

DISCUSSION

The use of DNA microarray technology following reovirus cdc25C 1 chk 1
infection has identified several genes encoding proteins that
may play a role in serotype 3 reovirus-induced disruption of the 4
cell cycle. The results presented here provide a comprehensive cyclin B 1 -cdc2 wee 1
overview of alterations in expression of genes encoding pro-
teins that regulate cell cycle progression following reovirus
infection. Although these alterations are likely to reflect
changes in gene expression, it should be noted that DNA
microarray technology assesses changes in steady-state levels GADD45
of specific mRNAs rather than transcriptional activity. FIG. 2. Proposed model for scrotype 3 reovirus-induced G2-to-M

G,-to-S checkpoint: reovirus-induced alterations in Gl-to-S transition arrest. cdc2 kinase activity is required for entry into mitosis.
restriction checkpoint control. Treatment with purified T3D Active cdc2 kinase is complexed with cyclin B and dephosphorylated at
url protein leads to a reversible G,-to-S phase transition arrest Thrl4/Tyrl5. Following reovirus infection, cdc2 is inhibited, in part, by

phosphorylation. The increase in phosphorylated cdc2 may be due to
in RI.1 thymoma cells that is dependent on Ha-ras inhibition upregulation of the kinases chkl and weel and/or localization to the
(70-72). However, G1-to-S arrest is not a universal feature of nucleus of the phosphatase PP2A, which can inhibit the cdc2-activating
reovirus infection and does not occur in reovirus-infected phosphatase cdc25C. cdc2 kinase activity may also be inhibited by
HEK293 cells (63). We were unable to detect changes in ex- dissociation of cyclin B by GADD45. Arrows indicate activation;

pression of p21ras-related genes involved in G,-to-S regulation, blunted lines indicate inhibition.

and we found that gene expression of the p21 ras isoform, N-ras,
was selectively increased following serotype 3 reovirus infec-
tion. ity capable of removing inhibitory phosphates from cdc2 kinase

G1-to-S transition arrest following serotype 3 reovirus infec- (reviewed in reference 38). Following reovirus infection,
tion could result from inactivation of the Gl-to-S cyclin depen- cdc25C is inhibited by dephosphorylation (62). It is suggested
dent kinase cdk2, -4, or -6 by the protein phosphatase PP2C-cs. that the HIV Vpr protein can inhibit cdc2 kinase activity (30,
PP2C-ot is known to dephosphorylate activating phosphates on 64) through mechanisms requiring weel and involving the in-
cdk2 (9), which may result in inhibition of cdk2 kinase activity, activation of cdc25C (35, 48).
Decreased expression of the cdk2 regulatory cyclin, cyclin E, PP2A or PP2A-like activity is capable of negatively regulat-
was counterbalanced by an increase in the expression of the ing cdc25C by removing activating phosphates (12, 42, 45).
cyclin E isoform, cyclin E2, suggesting that G1 cyclin expres- HIV Vpr is reported to inactivate cdc25C by physically target-
sion does not play a significant role in regulating serotype 3 ing PP2A to the nucleus and enhancing the recruitment and
reovirus-induced Gl-to-S progression. Alterations in histone dephosphorylation of cdc25C though association with the
synthesis and alterations in the relative levels of histone pro- PP2A-B55 regulatory subunit (35). Following serotype 3 reo-
teins could alter Gl-to-S progression, but no clear model has virus infection, we found selective decreased expression of the
been elucidated (19). Collectively, these findings indicate that PP2A-B56-p3 regulatory subunit. Since the B56-13 regulatory
serotype 3 reovirus-induced alterations in gene expression are subunit is known to localize PP2A to the cytoplasm (50), down-
not consistent with G,-to-S arrest in HEK293 cells, regulation of B56-P production may lead to increased nuclear

G2-to-M checkpoint: reovirus-induced inhibition of cdc2 by localization of PP2A following reovirus infection (Fig. 2). Fur-
phosphorylation. Serotype 3 reovirus-induced G2/M phase cell thermore, upregulation of S/G 2 nuclear antigen (SG2NA) may
cycle arrest results from a reduction in cdc2 kinase activity due target PP2A to the nucleus following serotype 3 reovirus in-
to inhibitory phosphorylation, which has been demonstrated in fection, since SG2NA is known both to localize to the nucleus
infection of multiple cell lines, including HEK293, MDCK, (52) and to interact with the C subunit of PP2A (51). However,
C127, and HeLa cells (62). An increase in hyperphosphory- an elevation in SG2NA transcript levels is not sufficient for
lated cdc2 could be due either to increases in cdc2-specific serotype 3 reovirus-induced dephosphorylation of cdc25C,
kinase activity or to decreases in cdc2-specific phosphatase since the transcript encoding SG2NA is similarly upregulated
activity, or to both. The kinases weel and mytl and the phos- following T1L infection. Nonetheless, it is possible that reovi-
phatase cdc25C regulate the phosphorylation state of cdc2 rus-induced nuclear localization of PP2A could inhibit cdc25C,
(reviewed in reference 38). Following serotype 3 reovirus in- which is consistent with the cdc2 hyperphosphorylation and
fection, levels of weel transcripts are elevated, suggesting that G2/M phase cell cycle arrest found following serotype 3 reovi-
this kinase may play a role in inhibiting cdc2 (Fig. 2). However, rus infection.
an elevation in weel transcript levels is not sufficient for sero- cdc25C activity is also inhibited following phosphorylation
type 3 reovirus-induced inhibitory phosphorylation of cdc2, by the kinases chkl and chk2 (22, 69). Phosphorylation of
since the transcript encoding weel kinase is similarly upregu- cdc25C on Ser-216 by chkl or chk2 leads to 14-3-3 protein
lated following T1L infection. The activity of the cdc2-specific binding, which results in sequestration of cdc25C into the cy-
phosphatase cdc25C is regulated by phosphorylation. Hyper- toplasm (47, 61). Export to the cytoplasm physically separates
phosphorylation of cdc25C results in active phosphatase activ- cdc25C from cdc2 kinase. We have found that reovirus infec-
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tion is associated with increased expression of chkl, suggesting ochores (49, 65, 77). These results suggest that deregulation of
that this kinase plays a role in reovirus-induced inhibition of mitotic spindle checkpoint proteins may also contribute to
cdc25C (Fig. 2). chkl kinase activity is also suggested to reg- serotype 3 reovirus-induced G,/M phase cell cycle arrest.
ulate weel subcellular localization, such that cdc2 kinase is Other proteins functioning in G. or M. Several genes en-
phosphorylated and inactivated (56) (Fig. 2). This suggests that coding proteins that influence both the G2-to-M and mitotic
serotype 3 reovirus infection may selectively increase the level spindle checkpoints were selectively differentially regulated
of chkl kinase activity to modulate the activities of kinases and following serotype 3 reovirus infection. For example, polo-like
phosphatases directly responsible for regulating cdc2 activity. kinase activity is important in regulating G2-to-M transition

G2-to-M checkpoint: reovirus-induced inhibition of cdc2 by events by activating cdc25C and in regulating M phase events
physical dissociation from cyclin B. An alternative mechanism including APC regulation, centrosome maturation, and bipolar
for cdc2 inhibition is by physical interaction with GADD45. spindle formation (25, 54). SAK, a polo-like kinase (36), was
GADD45 inhibits cdc2 kinase by physically dissociating cdc2 found to be upregulated following serotype 3 reovirus infec-
from cyclin B (83, 87). Physical dissociation of cdc2 kinase tion; however, the role of SAK in cell cycle regulation is not
from its regulatory cyclin results in elimination of cdc2 kinase clear. Interestingly, expression of murine SAK-a is cell cycle
activity and G2-to-M checkpoint arrest (24, 55). Serotype 3 regulated, with levels peaking in M phase, which is consistent
reovirus induces an increase in GADD45 expression, suggest- with a role in the latter portion of the cell cycle (21). This
ing that GADD45 plays a role in reovirus-induced G2 -to-M suggests that serotype 3 reovirus may perturb both the G2-
checkpoint arrest (Fig. 2). However, an elevation in GADD45 to-M transition and the mitotic spindle checkpoint to ensure
transcript levels is not sufficient for serotype 3 reovirus-induced host cell cycle arrest in the G2/M phase.
inhibition of cdc2 kinase activity, since the transcript encoding Serotype 3 reovirus infection also selectively altered the ex-
GADD45 is similarly upregulated following T1L infection. In- pression of genes encoding proteins with cdc2-related serine/
terestingly, it is possible that GADD45-induced inhibition of threonine kinase activity, including C-2k (5) and PCTAIRE-2
cdc2 kinase activity results in accumulation of cells in the G2/M (33). This suggests that serotype 3 reovirus may require cdc2-
phase of the cell cycle following infection with a herpes simplex like kinase activity to posttranslationally modify a viral protein
virus (HSV) restricted to expressing the infected-cell polypep- in a manner similar to the phosphorylation of varicella-zoster
tide ICPO, since this virus induces an increase in GADD45 virus glycoprotein gI (84), Epstein-Barr virus EBNA-LP (43),
protein levels (34). The capacity of GADD45 to regulate cdc2 hepatitis E virus ORF3 (86), and herpes simplex virus ICPO (1)
activity is a function of protein concentration (83). GADD45 by cdc2. Alternatively, cdc2-like kinase activity may be respon-
transcription is regulated by p53 (41, 87) and Brcal (28, 39). sible for alterations in cytoskeletal structure following serotypc
We have preliminary data suggesting that serotype 3 reovirus 3 reovirus infection. As discussed earlier, reovirus infection
infection may result in increased expression of Brcal protein, leads to disruption and reorganization of vimentin filaments
Reovirus-induced increases in Brcal activity may result from into viral inclusions. Vimentin organization is regulated by
changes in the activity of ATM or ATM-related kinases (46). cdc2-related kinase activity (10). PCTAIRE-2 kinase activity
Although we did not detect changes in expression of the gene may regulate cytoskeletal protein distribution (33). Thus, al-
encoding ATM, the expression of FRP1, a kinase with signif- terations in PCTAIRE-2 and Trap (tudor repeat associator
icant homology to ATM kinases (11), was selectively increased with PCTAIRE-2 [32]) following reovirus infection may lead to
following serotype 3 reovirus infection. cytoskeletal changes necessary for viral inclusion formation.

The data presented in this report and our previous studies These results suggest that the reovirus life cycle may require
are consistent with a model in which reovirus-induced phos- modulation of cdc2-like kinase activity.
phorylation of cdc2 results in G2/M phase cell cycle arrest that The present experiments shed light on the kinetics of key
is dependent on als expression (63). cls is a highly basic cellular processes that may directly influence reovirus-induced
protein (16, 17) that is present in the nuclei of serotype 3-in- G2/M arrest. The lack of differential expression of key tran-
fected cells (7, 67), where it could directly interact with cdc2 or scripts prior to 12 h postinfection is consistent with prior find-
proteins regulating cdc2 kinase activity. However, the role of ings, which showed no alteration in the activities of several key
crls in serotype 3 reovirus-induced G2/M phase cell cycle arrest regulators of cell cycle progression (including cdc2 kinase) at
has not yet been determined. 6 h postinfection (62). It is important to note that the lack of

Mitotic spindle checkpoint: reovirus-induced alterations in detectable altered gene expression at 6 h postinfection in these
spindle checkpoint signaling. Reovirus-induced disruption of experiments does not preclude either early activation of cell
the microtubule-kinetochore association may contribute to cycle regulators at the protein level or altered expression of cell
G2/I1\ arrest by activating the mitotic spindle checkpoint, which cycle-regulatory genes not represented on the U95A microar-
inhibits the APC and results in M phase arrest (2, 78). Selective ray. It is interesting that UV-inactivated (replication-incompe-
expression of several genes encoding proteins with putative tent) virus induced small but detectable changes in gene ex-
roles in regulating the mitotic spindle checkpoint were altered pression in the direction of those seen with infectious virus.
following serotype 3 reovirus infection. For example, Bub3 is This suggests that while viral replication may not be required,
an integral component of mitotic spindle checkpoint signaling, it substantially augments the expression of cellular regulators
localizes to unattached kinetochores, and phosphorylates and of cell cycle progression. Since the reovirus replication cycle is
complexes with Bubl (6, 40, 66, 79). The functions of MPP11 approximately 24 h in HEK293 cells, the requirement for viral
and HZWINT1 are not completely understood but have been replication for maximal alteration in gene expression may ac-
speculated to contribute to mitotic spindle checkpoint regula- count for the lack of detectable alterations at the earliest time
tion, since they localize to mitotic structures, including kinet- point postinfection.
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In conclusion, reovirus infection alters a limited subset of 17. Duncan, R., D. Horne, L. W. Cashdollar, W. K. Joklik, and P. W. Lee. 1990.
transcripts encoding proteins that function to regulate cell Identification of conserved domains in the cell attachment proteins of the

three serotypes of reovirus. Virology 174:399-409.cycle progression. Transcripts encoding proteins that function 18. Endl, E., and J. Gerdes. 2000. The Ki-67 protein: fascinating forms and an

at the G,-to-S, G2-to-M, and mitotic spindle checkpoints were unknown function. Exp. Cell Res. 257:231-237.
19. Ewen, M. E. 2000. Where the cell cycle and histones meet. Genes Dev.altered following serotype 3 reovirus infection. Of this group, 14:2265-2270.

genes encoding proteins regulating the G2-to-M cell cycle tran- 20. Fajardo, E., and A. J. Shatkin. 1990. Expression of the two reovirus SI gene

sition were among the earliest to show changes in expression. products in transfected mammalian cells. Virology 178:223-231.
This is consistent with the findings of our previous studies 21. Fode, C., C. Binkert, and J. W. Dennis. 1996. Constitutive expression of

murine Sak-a suppresses cell growth and induces multinuclcation. Mol. Cell.
indicating that serotype 3 reovirus infection of HEK293 cells Biol. 16:4665-4672.
induces a G2/M phase cell cycle arrest (63). We recently 22. Furnari, B., N. Rhind, and P. Russell. 1997. Cdc25 mitotic inducer targeted

by chkl DNA damage checkpoint kinasc. Science 277:1495-1497.
showed that G21M arrest results from inhibition of the key 23. Gaulton, G. N., and M. I. Greene. 1989. Inhibition of cellular DNA synthesis
G2-to-M transition kinase cdc2 (62). Consistent with these by reovirus occurs through a receptor-linked signaling pathway that is mim-

findings, we found changes in expression of kinases, phospha- icked by antiidiotypic, antireceptor antibody. J. Exp. Mcd. 169:197-211.
24. Gautier, J., J. Minshull, M. Lohka, M. Glotzer, T. Hunt, and J. L. Mailer.

tases, and GADD proteins that directly and indirectly influ- 1990. Cyclin is a component of maturation-promoting factor from Xenopus.

ence cdc2 kinase activity. These results have enabled us to Cell 60:487-494.
provide a hypothetical model for modulation of cdc2 kinase 25. Glover, D. M., 1. M. Hagan, and A. A. Tavares. 1998. Polo-like kinascs. a

team that plays throughout mitosis. Genes Dev. 12:3777-3787.
activity in serotype 3 reovirus-infected cells. 26. Grana, X., J. Garriga, and X. Mayol. 1998. Role of the retinoblastoma

protein family, pRB, p107 and p130 in the negative control of cell growth.
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Reovirus-induced apoptosis requires both death receptor-
and mitochondrial-mediated caspase-dependent pathways
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Abstract propogation.
Apoptosis plays an important role in the pathogenesis of many Mammalian reoviruses are non-enveloped double-
viral infections. Despite this fact, the apoptotic pathways stranded RNA viruses whose replication occurs exclusively
triggered during viral infections are incompletely understood. in the cytoplasm. Reoviruses induce apoptosis in a wide
We now provide the first detailed characterization of the variety of cultured cells in vitro.1 3 Apoptosis also plays a
pattern of caspase activation following infection with a critical role during reovirus infection in vivo, and is the

cytoplasmically replicating RNA virus. Reovirus infection of mechanism of virus-induced tissue injury in key target
HEK293 cells results in the activation of caspase-8 followed by organs, including the central nervous system and heart.1' 4' 5

Inhibition of apoptosis dramatically reduces the extent of
cleavage of the pro-apoptotic protein Bid. This initiates the reovirus-induced tissue injury in vivo.5

activation of the mitochondrial apoptotic pathway leading to It has been shown recently that reovirus-induced
release of cytochrome c and activation of caspase-9. apoptosis requires interaction with its cell surface receptors
Combined activation of death receptor and mitochondrial including junction adhesion molecule (JAM). 6 Apoptosis
pathways results in downstream activation of effector involves the tumor necrosis factor (TNF) superfamily of cell
caspases including caspase-3 and caspase-7 and cleavage surface death receptors, specifically DR4, DR5 and their
of cellular substrates including PARP. Apoptosis is initiated ligand, TNF-related apoptosis-inducing ligand (TRAIL),7

by death receptor pathways but requires mitochondrial and is inhibited by anti-TRAIL antibodies or soluble forms
of DR4 or DR5 which inhibit interaction of TRAIL withamplification producing a biphasic pattern of caspase-8, 7fD4o R hc nii neato fTALwtBid, and caspase-3 activation. functional cell surface DR4 and DR5.7 The contribution of

BillDath and Daiferctivation. (mitochondrial apoptotic pathways to this process has been
Cell Death and Differentiation (2002) 9, 926-933. doi:10.1038/ unknown, as has the exact nature of the caspase cascades
sj.cdd.4401 045 activated and their inter-relationship.

Apoptosis induced by activation of cell surface death
Keywords: apoptosis; reovirus; caspase; death receptor; mito- receptors ('extrinsic pathway') involves the formation of a
chondria death-induced signaling complex (DISC) that recruits and

activates caspase-8., Activated caspase-8 can, in turn,
Abbreviations: JAM, junction adhesion molecule; TNF, tumor activate downstream effector caspases including caspases-
necrosisfactor;TRAIL, TNF-relatedapoptosis-inducingligand;DR, 3 and -7. Mitochondria play a central role in an 'intrinsic'
death receptor; DISC, death-inducing signaling complex; FADD, pathway of apoptosis. In this pathway, apoptotic stimuli
Fas-associated death domain; DEVD-AFC, Asp-Glu-VaI-Asp-7- enhance mitochondrial membrane permeability and permit
amino-4-methyl coumarin; PARP, poly(ADP-ribose) polymerase; the translocation of cytochrome c and other pro-apoptotic
Ac-YVAD-CHO, Ac-Tyr-Val-Ala-Asp-CHO; Ac-DEVD-CHO, Ac- molecules from the mitochondria into the cytosol.9- 12 A
Asp-Glu-Val-Asp-CHO; Ac-IETD-CHO, Ac-lie-Asp-Thr-Glu-CHO cytosolic complex including cytochrome c and Apaf-1

(apoptosome) activates caspase-9. 13 Activated caspase-9,
like activated caspase-8, can activate additional down-
stream effector caspases including caspase-3. The intrinsic
and extrinsic pathways are linked by Bid, a pro-apoptotic
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Bcl-2 family member. Caspase-8-dependent cleavage of
Bid allows this protein to translocate to the mitochondrion,
where it directly or indirectly facilitates cytochrome c Mock-infibo t
release.14 -18 The importance of the mitochondrial apoptotic
pathway in augmenting death-receptor initiated apoptosis - 0 A t 12 14 1618R2• 22 2426 28 30 11 14 h.p.i.
can be assessed by studying the pattern of caspase 5515.4 M v" caspaie-4

activation and the effects of Bcl-2 expression. Death
receptor-initiated, mitochondrial-dependent apoptosis is
generally associated with early low level activation of
caspase-8 and is inhibitable by Bcl-2.t9' 2° Conversely, Virus-infectei d 0

mitochondrial-independent, death receptor-initiated apopto- 0 6 o a 11 74 1818 202224 26 3234 h.I.
sis is associated with more robust caspase-8 activation and 5554- .kD-•• .. caspase-8
is not inhibited by Bcl-2 expression.1 9'20  .ctin

In this paper we provide the first comprehensive
characterization of the pattern of caspase activation b
following infection with a cytoplasmically replicating RNA 1.2
virus. We show that reovirus infection results in the
activation of death receptor- and mitochond rial -associated1
initiator caspases, caspase-8 and caspase-9. Activation of "a 0.8
these initiator caspases is followed by activation of the
effector caspases caspase-3 and caspase-7. Caspase-8- 1 0.6
dependent cleavage of the Bid provides a linkage between ,
the death receptor and mitochondrial pathways of apoptosis . 0.4 -
following reovirus infection. Inhibition of caspase-8 activa-
tion prevents the cleavage of Bid, and the subsequent " 0.2
activation of the mitochondrial pathway. Both the mitochon- 0
drial and death receptor-initiated pathways are essential for 0
reovirus-induced apoptosis as inhibition of death receptor 0 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
pathways by over-expression of dominant negative FADD Hours post infection
(FADD-DN) or of mitochondrial pathways by over-expres- Figure 1 Reovirus infection induces the activation of caspase-8. HEK 293
sion of Bcl-2 prevents reovirus-induced effector caspase lysates were prepared at the indicated times points from mock-infected or
activation. Consistent with this model, cell permeable reovirus-infected cells and probed with anti-caspase-8 antibodies and anti-
inhibitors of both group II caspases (caspase-2, -3, and - actin antibodies (a). Control lanes represent Jurkat cell lysates untreated (-)
7) and group III caspases (caspase-6, -8, and -9) but not of or treated (+) with activating anti-Fas antibody and harvested at 8h post

treatment. The Western is representative of two separate experiments. The
group I caspases (caspase-1, -4, and -5) inhibit reovirus- graph displays densitometric analysis of the virus-infected Western blot
induced caspase-3 activation. These studies provide not analysis (b). Values are expressed as arbitrary densitometric units
only a comprehensive profile of caspase activation
following virus infection, but also the first demonstration
that both death receptor and mitochondrial pathways canplay an essential role in virus-induced apoptosis. Reovirus infection is associated with release of

mitochondrial cytochrome c and activation of

caspase-9

Results Reovirus-induced activation of caspase-8 revealed a biphasic

Caspase-8 is activated following reovirus infection pattern. This suggested that apoptosis signals initiated
through the death receptor pathway might be amplified by

Apoptosis initiated via TNF receptor superfamily cell death other apoptotic pathways. We therefore looked for evidence
receptors involves the adaptor molecule FADD and subse- that reovirus infection activated mitochondrial-associated
quent activation of caspases, starting with the initiator apoptotic signaling pathways. We first wished to determine
caspase, caspase-8.2 t We therefore wanted to examine whether reovirus infection was associated with release of
whether reovirus infection induced the activation of caspase- cytochrome c and activation of caspase-9. Mitochondria-free
8. As shown in Figure l a, reovirus infection induces the lysates were prepared from both mock- and reovirus-infected
activation of caspase-8 as evidenced by the disappearance of cells at the indicated time points and analyzed by Western blot
the full-length proenzyme (seen as a 55/54 kD doublet). The for the presence of cytosolic cytochrome c (Figure 2). Blots
reduction in caspase-8 immunoreactivity appeared to be bi- were probed with antisera directed against the mitochondrial
phasic. A first phase of activation was detectable as early as integral membrane protein cytochrome c oxidase (subunit II)
8 h post-infection. A second, more intense phase of activation to detect potential mitochondrial contamination of the
began at 22 h post-infection and continued through >34 h samples. Cytosolic cytochrome c is detected in reovirus-
(Figure la,b). No cellular morphological changes were infected cells at - 10 h post-infection (Figure 2a). In order to
observed correlating with the early phase of caspase-8 determine whether cytochrome c release was dependent on
activation. death receptor-initiated signaling, we also examined the

Cell Death and Differentiation
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cellular localization of mitochondrial cytochrome c following
reovirus infection in FADD-DN expressing cells. As shown in Bid is cleaved following reovirus infection

Figure 2b, cytochrome c is found at only trace levels in the Bid is a pro-apoptotic member of the Bcl-2 protein family.
cytoplasm of reovirus-infected FADD-DN expressing cells. Activation of both Fas receptor by Fas and DR4/DR5 by
These results indicate that caspase-8 activation occurs TRAIL can induce caspase-8 dependent cleavage of
upstream of, and is required for, the release of cytochrome Bid.' 5'17'18 Cleaved Bid can facilitate the release of
c. We next wished to determine whether caspase-9 was cytochrome c from the mitochondrion and lead to subsequent
activated. Activation of caspase-9 involves the cleavage of apoptosome-mediated activation of caspase-9.16 We wished
the 46 kD pro-enzyme into a 37 kD active fragment. Activated to determine whether Bid was cleaved following reovirus
caspase-9 was first detectable in reovirus-infected cells at infection, and if this cleavage depended on caspase-8
10 h post-infection (Figure 3), and was not detected in mock- activation. Western blot analysis revealed that full-length Bid
infected cells. Activation increased steadily from 10 to 18 h levels remain relatively unchanged in mock-infected cells
and then persisted for >,32 h. (Figure 4a). However, following reovirus infection there was a

biphasic pattern of Bid cleavage, analogous to that seen with
caspase-8 (Figure 4a). Loss of the full length immunoreactive
Bid was first detected as early as 10 h post-infection. A

a second phase of Bid cleavage began at 26 h post-infection
CytoplasmicFraction MitotebondrialFrmctido and continued through >_40 h (Figure 4a,b). In order to

mock T3A determine whether Bid cleavage was dependent on caspase-
qb cvlocrom Voxidme 8 activation, we examined levels of immunoreactive Bid in

(Subun6it 1) cells in which caspase-8 activation was blocked by stable
expression of DN-FADD. FADD-DN expression completely
inhibited reovirus-induced Bid cleavage, indicating that Bid
cleavage is caspase-8 dependent (Figure 4c).

Reovirus infection is associated with activation of

0 to 0 0 (h0p.) caspase-3 and caspase-7

b Effector caspases, including caspases-3, -6 and -7, form part
cyte•pimic Fraction MMthonfrilaFrac•ion of the final common pathway for death receptor and

mock T3A mitochondrial apoptotic pathways. Having shown that reovirus
infection resulted in activation of both death receptor and

ill mitochondrion-associated initiator caspases we next wished
to determine which effector caspases were activated.
Caspase-3 activation was evaluated by Western blot, using
an antibody specific for the activated form of the enzyme.
Activation of caspase-3 is associated with the appearance of

to i4 .specific cleavage product at -20 kD representing the large
0 10 0 10 (subunit of active caspase-3. As shown in Figure 5a, this

ofragment appears beginning at - 8 h post-infection in reovirus

Figure 2 Cytochrome c is present in the cytosol of reovirus infected cells, infected cells, but not in the mock infected controls. There is a
HEK 293 cell lysates (a) and FADD-DN expressing HEK 293 cells lysates (b) biphasic activation profile, with the initial activation phase
were prepared at the indicated time points as described (see Materials and beginning at 8 h post-infection and a second, more intense
Methods) and resolved using SDS-PAGE. Western blot analysis was
performed using anti-cytochrome c antibodies and anti-cytochrome c oxidase activation phase beginning at 24 h post-infection (Figure 5a).
(subunit I1) and are representative of three separate experiments A similar pattern of caspase activation was seen in fluorogenic

substrate assays using a caspase-3 specific substrate
(DEVD-AFC) (see Figure 6c). An initial phase of activation at

Mocki-nfected 6-12 h was followed by a rapid activation peak 12-18 h.
# I a I? i4 ! ,,1A612 -A , r. 1. i h.L Activated caspase-3 cleaves a variety of cellular substrates to

16 kO 4 V•,•;• , induce the morphological hallmarks of apoptosis. We there-
3 o fore examined the cleavage of PARP. PARP is cleaved by

caspase-3 from the full-length 116 kD protein to an 85 kD

"Viru.-infected inactive fragment. As shown in Figure 5b, PARP cleavage
0 2 4 6• 1) 1•1 2 16 iS- 120 2: V hP •1. exceeding that seen in mock-infected cells was first detectable

46 iD--00. Am*' *.." 3 -qW--9., , , at 14 h post-infection and persisted until >_20 h post-infection.
These experiments established that reovirus infection results

Figure 3 Caspase-9 is activated in reovirus-infected cells. HEK 293 cell in activation of the effector caspase, caspase-3 and is
lysates were prepared from mock-infected or reovirus-infected cells at the associated with cleavage of cellular substrates of caspase-3.
indicated time points and resolved by SDS-PAGE. Western blot analysis was
performed using anti-caspase-9 antibodies and the blot is representative of Other effector caspases may also be activated down-
three separate experiments stream of caspase-8 and caspase-9. Therefore, we
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Figure 5 Reovirus infection leads to activation of caspase-3. Western blot

Actin . . .... - analysis was performed using HEK 293 lysates harvested at the indicated time
points from mock-infected and reovirus-infected cells and probed with anti-
caspase-3 antibodies (a), anti-PARP antibodies (b), or anti-caspase-7

Figure4 Reovirus infection leads to cleavage of full-length Bid. Lysates were antibodies (c). Control lanes represent Jurkat cell lysates untreated I-) or
prepared at the indicated time points from mock-infected or reovirus-infected treated (+) with activating anti-Fas antibody and harvested at 8h post
HEK 293 cells (a) and reovirus infected FADD-DN expressing HEK 293 cells treatment. Each Western is representative of two separate experiments
(c) and probed with anti-Bid antibodies and anti-actin antibodies. Each
Western blot is representative of two separate experiments. The graph
displays densitometric analysis of the virus-infected Western blot analysis (b).
Values are expressed as arbitrary densitometric units In order to determine whether activation of effector

caspases was completely dependent on the initial activa-
tion of death-receptor mediated pathways, we examined

examined the activation state of two other effector effector caspase activation in cells stably expressing DN-
caspases, caspase-6 and caspase-7. We found no FADD. As shown in Figure 6a, the activation of both
evidence by immunoblot of caspase-6 activation in caspase-3 and caspase-7 is blocked in cells stably
reovirus-infected cells (data not shown). Caspase-7 is expressing DN-FADD. Caspase-3 activity, as measured in
activated in infected cells as evidenced by the detection a fluorogenic substrate assay, is almost completely
of the 20 kD large subunit of active caspase-7 (Figure 5C). inhibited in these cells (Figure 6c). This suggests that
However, caspase-7 activation appears to occur later than activation of death-receptor initiated apoptotic signaling
activation of caspase-3, and the amount of activation pathways is required for reovirus-induced effector caspase
appears less. activation and apoptosis.
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apoptotic pathways might play a central role in amplifying
a death receptor-initiated signaling. The capacity of Bcl-2 to

control inhibit apoptosis has been used as evidence suggesting an
. + 0 4 8 12 16 20 24 28 32 36 40 hours post infection essential role for mitochondrial apoptotic pathways. 19

.
20 We

20kD- :-active caspase-3 wished to determine whether Bcl-2 over-expression in HEK
cells inhibited caspase activation. Caspase activation was

control examined using both Western blot analysis and fluorogenic
. + 0 4 8 12 16 20 24 28 32 36 40 hours post infection substrate assays. As shown in Figure 6b, activation of both

20kD - ., - caspase-3 and caspase-7 is inhibited in cells over-expressing
activ ........ ..Bcl-2. The late phase of caspase-8 activation was also

inhibited in these cells although the low level early phase of
b ccaspase-8 activation was preserved (data not shown).

control Caspase-3 activity, as measured in a fluorogenic substrate
+ 0 4 8 12 16 20 24 28 32 36 40 44 hou-rspostmfection assay, is also significantly reduced in these cells (Figure 6c).

20lD - - -active caspase-3 However, the pattern of inhibition differs from that seen in cells
stably expressing DN-FADD. In Bcl-2 expressing cells there is
some residual caspase-3 activation suggesting that death

control receptor-mediated apoptotic pathways can induce low levels
+ 0 4 8 12 16 20 24 28 32. hors post infection of effector caspase activation, but full induction requires

20 'k-active caspase-7 augmentation by mitochondrial apoptotic pathways. This low

level of caspase-3 activation in Bcl-2 overexpressing cells

was not reflected in cellular morphology.

-'-293T3A
2W - -293FADDDNT3A Effects of synthetic caspase peptide inhibitors on
1- -,-293 bc-2 T3A caspase-3 activation

-- 293 Mock Caspases can be categorized into three major groups based

.•, 14000- on their pattern of substrate specificity. 22
,
23 Group I includes

12000 caspase-1, -4, and 5; group II includes caspase-2, -3, and 7;
1O00 group III includes caspase-6, -8 and -9. Cell permeable,

reversible, peptide caspase inhibitors have been developed
based on these caspase substrate profiles.22'23 We tested the
capacity of three reversible cell permeable caspase inhibitors
with specificity for group I (Ac-YVAD-CHO), group II (Ac-
DEVD-CHO), and group III (Ac-IETD-CHO) caspases to

0 - . .inhibit reovirus-induced caspase-3 activation at 18 h post-
U r t11rr 181V 24hr infection. As shown in Figure 7, the group II inhibitor Ac-

time post infection DEVD-CHO completely inhibited reovirus-induced caspase-3
activity at a concentration of 10 pM. The group I inhibitor (Ac-

Figure 6 Effector caspase activation in inhibited in FADD-DN and Bcl-2 over- YVAD-CHO) had no effect on caspase-3 activation, consis-

expressing cells. Western blot analysis was performed using cell lysates

prepared from reovirus-infected FADD-DN over-expressing cells (a) or Bcl-2 tent with a lack of involvement of caspases-1, -4 or -5 in
overexpressing cells (b) at the indicated time points and probed with anti- reovirus-induced apoptosis. The group III inhibitor Ac-IETD-
caspase-3 antibodies and anti-caspase-7 antibodies. Control lanes represent CHO achieved maximal inhibition of reovirus-induced cas-
Jurkat cell lysates untreated (-) or treated (+) with activating anti-Fas pase-3 activation at a concentration of 5 /M. However, the
antibody and harvested at 8 h post treatment. Western blots are representative maximum degree of inhibition (65%) was not as high as that
of two separate experiments. Fluorogenic substrate assays (c) were
performed in triplicate. Error bars represent standard error of the mean. seen with the group II inhibitor. These data suggest that while
Fluorescence is expressed as arbitrary units the activation of group III caspases, including caspase-8 and -

9, is critically important to reovirus-induced apoptosis that
other as yet unidentified caspases may also contribute to
caspase-3 activation. However, the fact that expression of

Bci-2 overexpression inhibits effector caspase DN-FADD was as effective as treatment with the group II
activation following reovirus infection inhibitor Ac-DEVD-CHO in blocking caspase-3 activation,

Experiments with FADD-DN indicated that death-receptor suggests that the apical caspases that contribute to caspase-
pathways were necessary for reovirus-induced apoptosis. 3 activation all depend on an initial death-receptor initiated
Activation of both caspase-8 and Bid showed a biphasic caspase activation signal.
pattern with an early activation phase at 8-10 h followed by a
later activation phase. Reovirus-induced initiation of mito-
chondrial apoptotic pathways occurred downstream of
caspase-8 activation, began slightly later following infection, Understanding the mechanisms of virus-induced apoptosis is
and was not biphasic. This suggested that mitochondrial crucial to understanding how viruses injure target tissues and
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tion of mitochondrial pathways. Inhibition of caspase-8

100. activation by over-expression of DN-FADD prevented Bid

cleavage, suggesting that reovirus infection also activated
the mitochondrial apoptotic pathway. Cytochrome c was

75s found to be present in the cytoplasm of infected cells at
-10 h post infection. Additionally, cytochrome c release
was blocked in FADD-DN expressing cells suggesting that

50 •this event requires caspase-8. We also found that caspase-
9 is activated at -12 h post infection.

Having shown that reovirus infection was associated
with activation of both death-receptor and mitochondrial-25- --DEVD-CHO

-TElD-CHO associated initiator caspases, we next wished to determine
-YVAD-CHO which effector caspases were subsequently activated. Here

we show that the effector caspase, caspase-3 is activated
0 beginning at -8 h post infection and peaking at -~18 he 10 I 15i 20 25)post infection. Additionally, caspase-7 was activated in

Concentration of Inhibitor (pM) reovirus-infected cells, although this event occurs later than

Figure 7 Synthetic peptide inhibition of DEVD-specific caspase activation. caspase-3 activation. Another effector caspase, caspase-6,
HEK 293 cells were pretreated with the synthetic peptide inhibitors at the was not activated in reovirus-infected cells.
concentrations shown for 1 h prior to reovirus infection (M.O.. 100). There is evidence that although mitochondrial cyto-
Fluorogenic substrate assays were performed at 18h post infection. Values
are expressed as per cent inhibition where untreated reovirus-infected cells chrome c release and caspase-9 activation occur down-
represent 0% inhibition and mock-infected cells represent 100% inhibition stream of death receptor stimulation, that these events are

not necessarily required for all forms of death-receptor
initiated apoptosis. 19 ' 20 Therefore we examined the effects

induce disease. The exact pathways leading to virus-induced of Bcl-2 overexpression on effector caspase activation
apoptosis are still incompletely understood. Since caspases following reovirus infection. Bcl-2 overexpression inhibits
play a central role in virtually all known apoptotic signaling the activation of both caspase-3 and caspase-7, as well as
pathways, it is not surprising that they have been implicated in the second phase of caspase-8 activation. This data is
virus-induced apoptosis. Pancaspase peptide inhibitors have consistent with earlier studies suggesting that reovirus-
been shown to inhibit apoptosis induced by viruses as diverse induced apoptosis could be inhibited in MDCK cells over-
as Sindbis,24'25 HIV-1 26,27 Herpes simplex virus type 1,28 expressing Bcl-2.2 This provides conclusive evidence of the
influenza,29 Sendai, 0 and TGEV.31  importance of the mitochondrial apoptotic pathway in

The events that initiate caspase activation in virus- reovirus-induced cell death.
infected cells are still incompletely understood. Activation of Caspases can be broadly grouped into three categories
caspase-8 plays an important role in apoptosis induced by based on their pattern of substrate specificity. 22' 23 A group
HIV-1 26 influenza,29 Sendai, 30 and Sindbis, 24 suggesting II caspase inhibitor completely blocked reovirus-induced
that death-receptor initiated processes may be important in caspase-3 activity at low concentrations. This result is
apoptosis induced by these viruses, consistent with the known activation of caspases-3 and -7

Many forms of virus-induced apoptosis are inhibited by in reovirus infection. A group I caspase inhibitor had no
anti-apoptotic members of the Bcl-2 family.32- 35 One of the effect, even at high concentrations. This suggested that
most thoroughly investigated mechanisms for the anti- caspases-1, -4 and -5 do not play a significant role in
apoptotic actions of Bcl-2 involves its inhibition of the reovirus-induced apoptosis. A group III caspase inhibitor
release of cytochrome c from mitochondria.3 a'37 Abnormal- significantly reduced caspase-3 activity, but its effect was
ities of mitochondrial transmembrane potential and release only partial when compared to the group II inhibitor. This
of cytochrome c have been described following infection result was consistent with our observation that caspase-8
with HIV, 38 TGEV, 31 chicken anemia virus, 39 and herpes and -9 were involved in reovirus-induced caspase-3
simplex virus. 28 These studies suggest that both mitochon- activation. The lack of complete inhibition of caspase-3
drial and death-receptor mediated pathways may play an activation by the group III inhibitor suggests that additional,
important role in virus-induced apoptosis. as yet unidentified, caspases may also contribute to

Reovirus-induced apoptosis involves the DR4/DR5/ reovirus-induced caspase-3 activation. However, the com-
TRAIL system of cell surface death receptors. 7 In this plete inhibition of caspase-3 activation seen in cells
study we found that caspase-8 was activated within 8 h of expressing DN-FADD suggests that death receptor activa-
reovirus infection. The activation of caspase-8 occurs in tion is the key initiating event in all reovirus-induced
two distinct phases, consistent with a model in which initial caspase activation cascades that ultimately contribute to
death-receptor mediated activation of caspase-8 is subse- effector caspase activation.
quently augmented by activation of caspase-9 or other Our data provides the first comprehensive model of the
caspases (discussed below). Following activation, caspase- events leading to apoptosis when cells are infected with a
8 cleaves Bid, a pro-apoptotic BcI-2 family protein. Cleaved non-enveloped RNA virus whose replication cycle occurs
Bid provides an essential link between reovirus-induced entirely within the cytoplasm (Figure 8). Apoptosis is
death-receptor mediated caspase-8 activation and activa- initiated through cell surface death receptors leading to
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Cells, virus, and DNA constructs

HEK293 cells (ATCC CRL1573) were grown in Dulbecco's modified
Eagle's medium (DMEM) supplemented with 100 U/ml each of

Tpenicillin and streptomycin and containing 10% fetal bovine serum.
Jurkat cells were a gift of Dr. John Cohen and were grown in RPMI

DR4DRS supplemented with 100 U/mI each of penicillin and streptomycin and
-,MITOCHONDRION containing 10% fetal bovine serum. FADD-DN cells were a gift of Dr.

Gary Johnson and express amino acids 80-208 of the FADD cDNA
(with the addition of an AU1 epitope tag at the N-terminus) from theCAS 8CMV promoter of pcDNA3 (Invitrogen, Carlsbad, CA, USA). HEK 293
cells stably over-expressing Bcl-2 were provided by Dr. Gary Johnson.Pý.q,,, 9 The cell line was constructed by cloning full-length BcI-2 into the pLXSN•m *vector and transfecting cells via retroviral transduction. Reovirus (Type

CASPASES 3,7 4--- 9 3 Abney, T3A) is a laboratory stock, which has been plaque purified and
passaged (twice) in L929 cells (ATCC CCL1) to generate working

I,,o~oss stocks. 40 All experiments were performed using an M.O.I. of 100. High
M.O.I.s were chosen to insure synchronized infection of all susceptibleFigure 8 Schematic representation of reovirus-induced apoptosis pathways. cells, and to maximize the apoptotic stimulus.

Reovirus infection promotes release of cell-associated TRAIL and DR4/DR5-
dependent apoptosis. An early phase of caspase-8 activation leads to
cleavage of Bid and low level activation of caspase-3 (dashed arrows). This is
followed by a second phase of caspase activation in which release of Western blot analysis
cytochrome c activates caspase-9 inducing further caspase-8 activation (solid Reovirus-infected cells were harvested at the indicated times, pelleted
arrows). Caspase-8 and caspase-9 contribute to effector caspase activation by centrifugation, washed with ice-cold phosphate-buffered saline,

and lysed by sonication in 150 pl of lysis buffer (1% NP40, 0.15 M
NaCI, 5.0 mM EDTA, 0.01 M Tris (pH 8.0), 1.0 mM PMSF, 0.02 mg/ml

the activation of caspase-8. Caspase-8 activation is leupeptin, 0.02 mg/mI trypsin inhibitor). Lysates were cleared by
essential for virus-induced apoptosis, and inhibition of this centrifugation (20 000 x g, 2 min), mixed 1 : 1 with SDS sample buffer,
activation in cells stably expressing DN-FADD completely boiled for 5 min, and stored at -70'C. To prepare mitochondrial-free
inhibits reovirus-induced effector caspase activation. Cas- extracts, cells were pelleted, washed twice in ice-cold PBS, and
pase-8 activation results in cleavage of Bid and activation incubated on ice for 30 min in buffer containing 220 mM mannitol,
of mitochondrial apoptotic pathways. Activation of caspase- 68 mM sucrose, 50 mM PIPES-KOH (pH 7.4), 50 mM KCI, 5 mM
8 in the absence of augmentation from the mitochondrial EGTA, 2 mM MgCI2, 1 mM DTT, and protease inhibitors (complete
pathway, as occurs in cells stably expressing Bcl-2, results cocktail, Boehringer Mannheim, Indianapolis, IN, USA). Cells were
in only low levels of effector caspase activation. These lysed using 40 strokes in a Dounce homogenizer (B pestle). Lysates
results are consistent with the biphasic pattern of activation were centrifuged at 14 000 x g for 15 min at 4°C to remove debris.
of caspase-8, Bid, and caspase-3. Early activation of Supernatants and mitochondrial pellets were prepared for electro-
caspase-8 and Bid induces the mitochondrial pathway phoresis as above. Proteins were separated by SDS-PAGE
which in turn amplifies caspase-8 and Bid activation electrophoresis and transferred to Hybond-c extra nitrocellulose
allowing full expression of apoptosis, membrane (Amersham, Buckinghamshire, UK) for immunobloting.Blots were then probed with the specified antibodies at the dilutions

described above. Proteins were visualized using the ECL detection
system (Amersham, Buckinghamshire, UK). Densitometric analysis
was performed using a FluorS Multilmager system and Quantity One

Materials and Methods software (Bio-Rad, Hercules, CA, USA).

Reagents

Anti-cytochrome c (7H8.2C12) (1:1000), anti-PARP (C2-10) Caspase-3 activation assays
(1:2000), anti-caspase-6 (B93-4) (1 : 1000), anti-caspase-8 (B9-2) Caspase-3 activation assays were performed using a kit obtained from
(1:2000), and anti-caspase-9 (1:1000) antibodies were purchased Clontech (Palo Alto, CA, USA). Experiments were performed using
from Pharmingen (San Diego, CA, USA). Anti-caspase-3 (1 : 1000) and 1 x 1 0 6 cells/time point. Cells were centrifuged at 200 x g, supernatants
anti-caspase-7 (1:1000) were purchased from Cell Signaling were removed, and the cell pellets were frozen at - 70'C until all the time
Technology (Beverly, MA, USA). Anti-Bid antibodies (1 : 1000) were points were collected. Assays were performed in 96-well plates and
from Trevigen (Gaithersburg, MD, USA). Anti-actin antibodies (JLA20) analyzed using a fluorescent plate reader (CytoFluor 4000, PerSeptive
(1:5000) were from Calbiochem (Darmstadt, Germany). Anti-human Biosystems, Framingham, MA, USA). Cleavage of DEVD-AFC, a
cytochrome c oxidase (subunit II) antibodies (12C4-F12) (1:1000) synthetic caspase-3 substrate, was used to determine caspase-3
were from Molecular Probes (Eugene, OR, USA). Anti-Fas antibody activation. Cleavage after the second Asp residue produces free AFC.
(CH-11) was from Upstate Biotechnology (Lake Placid, NY, USA). The amount of fluorescence detected is directly proportional to amount
Caspase synthetic peptide inhibitors used were caspase-3 Inhibitor I of caspase-3 activity. Because all of the fluorogenic substrate assay
(cell permeable), caspase-8 Inhibitor I (cell permeable), and caspase- experiments were performed at the same time, both the mock and
1 Inhibitor I (cell permeable) (Calbiochem, Darmstadt, Germany). reovirus-induced caspase-3 activation profiles are the same in all of
ApoAlert caspase-3 fluorometric assay kit was purchased from these experiments and are included in each figure to facilitate
Clontech (Palo Alto, CA, USA). comparisons. Results of all experiments are reported as means + S.E.M.
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Abstract

Polymerase chain reaction (PCR) analysis of cerebrospinal fluid (CSF) has revolutionized the diagnosis of nervous
system viral infections, particularly those caused by human herpesviruses (HHV). The PCR technique allows the
detection of minute quantities of DNA or RNA in body fluids and tissues. Both fresh-frozen and formalin-fixed
tissues may be utilized for PCR assays, with the latter making archival studies possible. CSF PCR has now replaced
brain biopsy as the gold standard for the diagnosis of herpes simplex virus (HSV) encephalitis. PCR analysis of both
CSF and nervous system tissues has also broadened our understanding of the spectrum of disease caused by HSV-1
and -2, cytomegalovirus (CMV), Epstein-Barr virus (EBV), varicella zoster virus (VZV) and HHV-6. PCR results
obtained from tissue specimens must be interpreted cautiously, since this highly sensitive technique may detect
portions of viral genomic material that may be present even in the absence of active viral infection. Tissue PCR
results in particular must be corroborated with clinical and neuropathologic evidence of central nervous system (CNS)
infection. In several neurological diseases, negative PCR results have provided evidence against a role for her-
pesviruses as the causative agents. This review summarizes the role of CSF PCR in the diagnosis and therapeutic
management of herpesvirus infections of the nervous system, particularly those caused by HSV and VZV. © 2002
Elsevier Science B.V. All rights reserved.
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1. Polymerase chain reaction (PCR): background recent or ongoing active CNS viral infection by
and technical issues that particular pathogen, especially in an im-

munocompetent individual (Tyler, 1994). False-
PCR can be applied to the diagnosis of any positive CSF PCR results, in which a positive

disease in which nucleic acid (e.g. DNA, RNA) or result does not indicate active CSF infection, can
their expression as messenger RNA (mRNA) occur due to inadvertent contamination of speci-
plays a role. PCR techniques allow the in vitro mens or failure to properly confirm the specificity
synthesis of millions of copies of a specific gene of the amplified product. It is theoretically possi-
segment of interest, allowing the rapid detection ble that positive CSF PCR results in patients with
of as few as one to 10 copies of the target DNA systemic disease and traumatic lumbar punctures
from the original sample. The widespread or breakdown of the blood-brain barrier may
availability of an in-house test in most hospitals, reflect their systemic infection rather than CNS
or ready access to a reference laboratory has led disease, although data on this point are lacking.
to the incorporation of PCR testing on cere- Replicating virus and viral DNA do not persist
brospinal fluid (CSF) and body fluids into medical indefinitely, so that the CSF PCR test becomes
practice in the United States and other developed negative over time, especially in immunocom-
countries. petent patients (Haanpaa et al., 1998). While most

In infectious diseases, PCR is ideally suited for CSF testing in the clinical setting of suspected
identifying fastidious organisms that may be meningitis or meningoencephalomyelitis is per-
difficult or impossible to culture (DeBiasi and formed within 1-2 days following the onset of
Tyler, 1999). The technique can be performed neurological symptoms, positive test results can
rapidly and inexpensively, with a turnaround time persist for 2-4 weeks after the onset of clinical
of 24 h or less rather than the standard minimum disease depending on the virus and the treatment
of 1-28 days required for viral culture. Unlike the initiated (Weber et al., 1996). False-negative tests
traditional culture methods that may yield nega- can occur if PCR inhibitors are present in CSF.
tive results after patient receives even small doses However, modest CSF xanthochromia, high
of antiviral drugs, CSF PCR retains its sensitivity protein levels, or high white blood cell counts do
after short courses of antiviral therapy or passive not generally have a negative impact on CSF
immunization. This allows the prompt initiation PCR testing.
of empiric therapy when a patient first presents CSF PCR testing may be performed on fresh or
with suspected meningitis or encephalitis, without frozen samples. Refrigeration for a few hours or
potentially compromising definitive diagnostic even days does not appear to significantly reduce
tests. PCR is also preferable to serological testing, the yield of the test (Weinberg, personal commu-
which often requires 2-4 weeks after acute infec- nication). However, viral DNA is relatively more
tion for the development of a diagnostic rise in stable than RNA in archived samples. The
antibody titers, and is of limited value for viruses exquisite sensitivity of the technique allows the
with high basal seroprevalence rates. In contrast use of small volumes of CSF for analysis (i.e. 30
to serologic testing, CSF PCR yields positive re- [d), although laboratories generally request at
sults during acute infection, when the amount of least 0.5 ml.
replicating virus is maximal. Finally, CSF PCR is Quantitative PCR by several techniques is in-
substantially less invasive than brain biopsy, creasingly being applied to clinical samples. One
which was previously the gold standard for the technique involves the use of internal oligonucle-
diagnosis of many central nervous system (CNS) otides-labeled at one end with a fluorescent dye
herpesvirus infections. and at the other end with a quencher dye-along

The exquisite sensitivity of PCR is both its with the PCR primers during amplification. Fluo-
greatest virtue and greatest potential limitation. A rescence emitted during PCR is measured and
positive CSF PCR result indicates the presence of directly correlated to the number of copies of the
viral nucleic acid and is, in general, a marker of target nucleic acid in the original sample. Several
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studies have suggested that nucleic acid copy follows: EBV 7.4% (39/528 samples between 1995
number ("viral load") may be a marker for the and 2001), VZV 3.9% (22/569 samples between
severity of disease or may help predict the out- 1998 and 2002), and CMV 2.3% (11/483 samples
come, although it remains to be determined between 1999 and 2002).
whether this is true for all herpesvirus infections
(Domingues et al., 1998).

3. Use of PCR for the diagnosis of specific CNS
herpesvirus infections

2. Our clinical virology laboratory's experience
CSF PCR testing has played a critical role in

The UCHSC clinical virology laboratory per- establishing the frequency and distribution of her-
forms CSF PCR for herpesviruses (herpes simplex pesvirus infections in immunocompetent popula-
virus, HSV; Epstein-Barr virus, EBV; cy- tions. Detection of HSV-1, HSV-2, CMV, and
tomegalovirus, CMV; and varicella zoster virus, VZV DNA correlates strongly with specific clini-
VZV) three times a week, which makes clinically cal syndromes of encephalitis/myelitis and menin-
useful data rapidly available for the management gitis. Occasional immunocompetent or
of patients with presumed diagnoses of her- immunocompromised patients have more than
pesvirus encephalitis, and reduces unnecessary one herpesvirus detected in CSF by PCR, and
therapeutic interventions. Upon receipt of CSF EBV has been the most frequent agent associated
specimens are stored at - 70 °C in 30 pl aliquots. with a dual positive result. In a large series of 662
DNA is extracted from each aliquot with Insta- patients, mostly immunocompetent, detection of
Gene purification matrix (Boehringer Mannheim, human herpesviruses (HHV)-6 and EBV by CSF
Mannheim, Germany). Amplification is carried PCR did not correlate clinically in several individ-
out in 50 [tl mixtures containing 20 pl of extracted uals with the presence of a CNS infection known
DNA, 1.25 U of PfuI (Stratagene LaJolla, Cali- to be caused by that virus (Studahl et al., 2000).
fornia, USA), 100 [tM of each four deoxynu- Similarly, in a large study of immunocompro-
cleoside triphosphates, and 1 giM of each primer mised (HIV-infected) individuals, conducted to
in PfuI buffer (Stratagene). Samples are amplified assess the diagnostic reliability of CSF PCR by
in duplicate for 45 cycles. Amplified DNAs are comparison with biopsy or autopsy diagnoses, the
separated according to molecular weight using most frequent false-positive herpesvirus detected
agarose gel electrophoresis and transferred to ny- was HHV-6 (Cinque et al., 1996). Additional large
lon membranes. The identity of the DNA bands is studies are necessary to determine the extent of
confirmed by hybridization with a digoxigenin-la- false-positive PCR results for herpesviruses, espe-
beled probe (Boehringer Mannheim), followed by cially with regard to HHV-6 and EBV in im-
an anti-digoxigenin antibody conjugated to alka- munocompromised hosts.
line phosphatase and CSPD® chemiluminescent
substrate (Tropix, Bedford, MA, USA). Each as- 3.1. HSV
say includes a negative water control and two
positive sensitivity controls. Tests are considered 3.1.1. HSV- 1
valid if controls yield the expected results and if Despite the high prevalence of seropositivity to
patient replicates agree. HSV in the general population and the fact that

Our HSV PCR detects > 2 genomic equivalents the virus becomes latent in dorsal root ganglia of
per reaction. Upon review of 2214 CSF specimens most humans, HSV DNA is not detected in CSF
received at our institution for HSV PCR analysis of HSV-seropositive individuals who are neuro-
between 1997 and 2001, 79 specimens (3.6%) logically normal or who have other types of non-
yielded positive results. The prevalence of other HSV CNS infections (Tyler, 1994). The sensitivity
herpesviruses based on the review of all her- and specificity of CSF PCR exceeds 95% for HSV
pesvirus PCRs performed at our institution is as encephalitis (Lakeman and Whitley, 1995), and as
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a result, CSF PCR has replaced brain biopsy as may develop HSV-2-induced meningoencephalitis
the diagnostic test of choice for HSV encephalitis, and meningitis (Studahl et al., 2000), as well as
The high sensitivity and specificity of CSF PCR rare cases of HSV-2 brainstem encephalitis and
means that in patients with a low pre-test proba- recurrent thoracic myelitis.
bility of HSV encephalitis an appropriately per-
formed negative test essentially excludes the 3.2. VZ V
diagnosis. Conversely, in patients with a high
pre-test probability of HSV encephalitis, a nega- CSF PCR for VZV has considerably broadened
tive test, although dramatically decreasing the the understanding of the neurologic complications
likelihood of HSV encephalitis, does not entirely due to VZV infection. VZV infection can involve
exclude it. A positive CSF PCR for HSV in the virtually every part of the central and peripheral
appropriate clinical setting is initially diagnostic nervous system (Kleinschmidt-DeMasters and
of HSV encephalitis (Tebas et al., 1998) The use Gilden, 2001). The combination of serological
of HSV CSF PCR has also led to the identifica- studies and CSF PCR for VZV has been particu-
tion of mild or atypical forms of encephalitis that larly helpful in identifying cases of VZV CNS
were formerly attributed to other viruses, often in infections without associated rash (sine herpete)
the absence of brain biopsy (Domingues et al., (Bergstrom, 1996). Since the virus can only rarely
1997) and that may account for 17% of total cases be cultured from CSF, the diagnosis of meningitis
of HSV encephalitis (Fodor et al., 1998). CSF or meningoencephalitis previously depended on
PCR has established the diagnosis and role of the presence of a characteristic vesicular erythe-
HSV-1 in brainstem encephalitis (Tyler et al., matous rash before, during, or after CNS infec-
1995), myelitis (Studahl et al., 2000), multifocal or tion, and VZV-mediated neurologic diseases were
diffuse encephalitis without temporal lobe in- under-recognized. CSF PCR for VZV has shown
volvement in children (Schlesinger et al., 1995a), that aseptic meningitis and brainstem encephalitis
and neonatal encephalitis. In children, symptoms due to this virus may occur in immunocompetent
of HSV encephalitis may recur after antiviral hosts (Haanpaa et al., 1998; Studahl et al., 2000).
therapy. These "relapses" have been attributed In HIV-infected patients, CSF PCR for VZV
both to residual active infection and post-infec- DNA may have utility in monitoring therapeutic
tious immune-mediated processes. CSF PCR may response and in predicting the outcome of VZV
help distinguish between these possibilities (Ito et meningoencephalitis. For example, in a series of
al., 2000). Quantitative CSF PCR in cases of 516 HIV-infected patients, PCR became negative
pediatric HSV encephalitis is currently being stud- in patients treated with antivirals whose clinical
ied as a method for monitoring response to antivi- conditions improved, but remained positive de-
ral drugs (Ando et al., 1993). spite appropriate therapy in several patients who

subsequently died (Cinque et al., 1997). In addi-
3.1.2. HSV-2 tion, patients with detectable CSF VZV DNA,

CSF PCR has helped clinicians to recognize which was considered an indicator of subclinical
that HSV-2 may cause aseptic meningitis even in reactivation of VZV antecedent to clinical disease,
the absence of genital herpetic lesions (Schlesinger who were treated with antiviral agents, had im-
et al., 1995b), and established HSV-2 as the most proved outcome. Monitoring of CSF PCR al-
common cause of benign recurrent lymphocytic lowed for the effective use of prophylactic therapy
meningitis, including many cases previously diag- in this patient population.
nosed as Mollaret's meningitis (Tedder et al., PCR on both CSF and fluid from auricular
1994). CSF viral cultures are typically negative vesicles has confirmed that VZV causes Ramsay
during recurrent episodes of HSV-2 meningitis. Hunt syndrome, the second most common cause
However, CSF PCR is positive in patients with of seventh nerve facial paralysis after Bell's palsy
recurrent episodes of HSV-2 meningitis. CSF (Murakami et al., 1998). Ramsay Hunt syndrome
PCR has illustrated that immunocompetent adults can be difficult to recognize since the rash is
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hidden in the ear or mouth, and the rash may be the acute phase of the illness in children with
delayed, particularly in pediatric patients. PCR on infectious mononucleosis and neurological com-
endoneurial fluids and posterior auricular muscle plications such as transverse myelitis, meningoen-
samples collected during decompressive facial cephalitis, and aseptic meningitis (Weber et al.,
nerve surgery for Bell's palsy identified HSV-1 1996). CSF PCR is not positive in EBV-seroposi-
DNA in 79% of patients and confirmed that tive individuals in the absence of CNS infection.
neither EBV or VZV is an important cause of However, positive EBV PCR may be seen in
idiopathic Bell's palsy. A subsequent study using patients with evidence of other viral or non-viral
PCR identified a subset of patients with acute CNS infection, raising the possibility that these
peripheral facial palsy that has zoster sine herpete infections may trigger viral reactivation. Studies
(Furuta et al., 2000). VZV was responsible for a are currently in progress to determine whether
significant percentage of the total number of cases quantitative PCR will be useful for distinguishing
of facial palsy (29%), and an even higher percent- different types of EBV CNS infections or for
age of reactivations (88%) in HSV-seronegative identifying the causative agent in cases in which
patients. Hence, PCR has verified a role for her- there is evidence for dual infection with EBV and
pesviruses in both of the common causes of facial another pathogen (Weinberg et al., in press).
nerve paralysis and has distinguished which virus
is causative in clinically confusing cases. 3.4. CMV

PCR testing on fresh, frozen, or archival-fixed
and paraffin-embedded CNS tissues has allowed CSF PCR is a useful technique for detecting
the detection of VZV nucleic acid, even from CMV CNS infections in immunodeficient hosts,
small or imperfectly preserved specimens. Tissue with a reported sensitivity of 82% and specificity
PCR of cerebral arteries has established a direct of 99% in AIDS patients (Cinque et al., 1995).
role for VZV in cases of large-vessel and small- The clinical utility of the test in the setting of
vessel vasculopathy (Melanson et al., 1996). In a congenital CMV infection is being investigated,
patient with waxing and waning VZV vasculitis, particularly with respect to correlating neurologic
the detection of VZV DNA by PCR led to the outcome with CSF viral load (Whitley, personal
discovery that VZV antigen was also present, communication). CMV viral load has also been
indicating a productive infection in blood vessels monitored in peripheral blood leukocytes as a
as the cause of the disease. Brain tissues may be method to predict which immunosuppressed pa-
positive for VZV DNA by PCR even when the tients might develop end-organ disease.
virus is no longer detectable by other methods,
such as light microscopy for viral inclusions, im- 3.5. HHV-6, HHV-7 and HHV-8
munohistochemistry, or in situ hybridization.

CSF PCR testing has corroborated the role of
3.3. EBV HHV-6 in febrile seizures, meningitis, encephali-

tis, and encephalopathy in immunocompetent and
CSF PCR testing has been found to be nearly immunocompromised individuals (Yoshikawa

100% sensitive as a tumor marker for EBV-related and Asano, 2000). HHV-6 genome has been
CNS lymphoma, and has changed the way in demonstrated in CSF from up to 57% of children
which clinicians diagnose CNS lymphoma in im- younger than 1 year of age who have febrile
munocompromised individuals (Landgren et al., seizures and has also been seen in children with
1994). In a study of AIDS patients with CNS recurrent febrile convulsions. The role of HHV-7
mass lesions, a positive EBV CSF PCR correctly in neurological disease is unclear, although the
identified all 17 CNS lymphoma cases and was detection of HHV-7 DNA in CSF and serum of
positive in only one of 68 AIDS patients with children with exanthem subitum and encephalo-
non-CNS lymphoma mass lesions (Cinque et al., pathy has been reported (Torigoe et al., 1996).
1996). CSF PCR for EBV is also positive during Encephalitis in immunocompromised individuals



S10 R.L. DeBiasi et al./ Journal of Clinical Virology 25 (2002) S5-SI1

associated with HHV-8 has been described, but represent the presence of random viral sequences
this awaits additional confirmation. HHV-8 DNA or fragments of virus in neurons or other CNS
has been detected in primary CNS lymphomas in cells. Tissue PCR remains a research technique
some studies but not others. In the study in which that requires further study prior to its potential
HHV-8 was detected, the virus was surmised to use as a clinical diagnostic method.
play an indirect role in the development of pri-
mary CNS lymphoma, and was thought be
present in the adjacent non-neoplastic Acknowledgements
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Quantitative CSF PCR in Epstein-Barr
Virus Infections of the Central

Nervous System
Adriana Weinberg, MD,1,2 Shaobing Li, MD,' Megan Palmer, MD,' and Kenneth L. Tyler, MD 2- 5

Acute Epstein-Barr virus (EBV) infection of the central nervous system (CNS) is associated with meningoencephalitis and
other neurological syndromes in immunocompetent hosts and with CNS lymphomas (CNSLs) in immunocompromised
hosts. Diagnosis is based on serological studies and more recently on detection of EBV DNA in cerebrospinal fluid (CSF)
by polymerase chain reaction (PCR). We measured EBV DNA by quantitative PCR and EBV mRNA by RT-PCR in the
CSF in patients with EBV-associated neurological disorders. EBV was identified as the cause of CNS infection in 28
patients: 14 with CNSL, 10 with encephalitis, and 4 with postinfectious neurological complications. CSF analysis showed
that patients with CNSL had high EBV load (mean t standard error of 4.8 ± 0.2 logo DNA copies/ml) and low
leukocyte counts (22 ± 7 cells/pl); encephalitis was characterized by high EBV load (4.2 ± 0.3 log1 0 DNA copies/ml)
and high leukocyte counts (143 ± 62 cells/pl); and patients with postinfectious complications showed low EBV load
(3.0 ± 0.2 log, 0 DNA copies/ml) with high leukocyte counts (88 ± 57 cells/Ii1 ). Lytic cycle EBV mRNA, a marker of
viral replication, was identified in 10 CSF samples from patients with CNSL and encephalitis. To our knowledge, this is
the first application of quantitative CSF PCR and the first demonstration of the presence of lytic cycle EBV mRNA in

AQ. 1 CSF of patients with EBV-associated neurological disease.

Ann Neurol 2002;52:000-000

Fu Central nervous system (CNS) complications of lymphomas (CNSLs) was established by demonstrating
Epstein-Barr virus (EBV) infection occur in 1 to 18% the presence of EBV genome and/or antigen in tumor
of patients with infectious mononucleosis and include cells using in situ hybridization or immunohistochem-
encephalitis, meningitis, cerebellitis, polyradiculomyeli- istry.8 More recently, amplification of EBV DNA in
tis, transverse myelitis, cranial and peripheral neuropa- the CSF by PCR has become an important method for
thies, and psychiatric abnormalities.'- 7 EBV infections diagnosis of EBV CNS infections and CNSL. 19-

2'

of the CNS can occur in the absence of ! infectious In this study, we report the first use of quantitative
mononucleosis. 6 EBV has been associated with cranial EBV PCR and RT-PCR for a lytic cycle EBV mRNA
and peripheral neuropathies, and serological evidence in a large series of patients with EBV CNS infections.
of active EBV infection has been reported in up to
29% of childhood cases, o aGuillain-B• rrýs "ndrore

and 19% of childhood aýs of facialp v. ', EV_- Patits midMethods

associated lymphomas rpresenrt aother arporttan-r Studr Desigynt Definidons •

cause of EBV-related CNS disease.8- 3 These disorders CSF specimens containing EBV DNA detected by PCR were

are particularly common in immunocompromised identified in the Diagnostic Virology Laboratory at the Uni-

hosts including patients with acquired immune defi- versity of Colorado Health Sciences Center between October
eand transplant recipients. 1995 and March 2001. Clinical, laboratory, and follow-up

ciency syndrome dians re cipients, information was obtained through a questionnaire submitted
Until recently, diagnosis of EBV-associated CNS to the attending physician and/or neurology consultant, and

disease depended predominantly on demonstration of from medical records review. Patients were grouped into the
the presence of antibodies in cerebrospinal fluid (CSF) following diagnostic categories: (1) CNSL, defined by typical

AQ. 2 and/or serum, because virs is only rarely isolated from histopathology or by a typical radiographic exam and consis-
CSF. 14-1 8 A role for EBV in the pathogenesis of CNS tent clinical presentation in the absence of an alternate diag-
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nosis; (2) encephalitis, defined by the presence of fever, al- DNA amplicon was used as an internal sensitivity control.
tered mental status, and focal neurological signs or symptoms The presence of both 450 and 252kb bands was interpreted
indicative of parenchymal brain involvement, in the absence as evidence of BZLF1 transcription. The presence of the
of other potential pathogenic agents; and (3) postinfectious 450kb band in the absence of the 252 one was interpreted as
complications, including cases of Guillain-Barr6 syndrome, absence of BZLF1 transcription. The absence of both 450
acute demyelinating encephalitis, transverse myelitis, and and 252kb bands was interpreted as lack of homology be-
polyradiculomyelitis, after acute EBV infection. tween the primer pair and the clinical strains or insufficient

nucleic acid template in the sample.

Qualitative Epstein-Barr Virus Polymerase
Chain Reaction Statistical Analysis
Qualitative EBV PCR was performed as previously de- Statistical analysis was performed using StatView 5.0.1 soft-
scribed21'22 using duplicates of CSF aliquots stored at
-70°C. Each assay included two negative water controls and
two positive controls of EBV-producing B95-8 cell culture
supernatant. The tests were considered valid if the controls Results
yielded the expected results and if the replicates were con- Description of the Patient Population
cordant. Of 528 CSF samples tested for EBV by PCR, 39 had

Quantitative Epstein-Barr Virus Polymerase positive results (7.4%). Eleven cases were excluded be-

Chain Reaction cause other pathogenic agents in addition to EBV may
have contributed to their illnesses. Demographic fea-Quantitative EBV PCR was performed using a competitive

method adapted from a previously described assay. 23 The in- tures of the 28 patients remaining in the study are AQ: 8

ternal standard (IS) was synthesized by amplification of a shown in the Table. Twenty-two patients had primary T

304bp fragment in the EBV region BMLF1 3501 to 3804, or acquired immunocompromising conditions, includ-

followed by deletion of an 81bp internal segment. The re- ing human immunodeficiency virus (HIV; n = 16),
sultant 233bp IS was PCR-amplified and inserted in the 2vec- solid'•iorgan transplantation (n = 5), and common vari-
tor PCR-Script SK+ (Stratagene, La Jolla, CA). Es5herichia able immunodeficiency (n = 1).
coli XL1O-Gold Kan Ultracompetent cells (Straragene) trans-
formed with the IS-containing plasmid was grown in Luria-

AQ..3 Bertani medium (Gibco BRL, Gaithersburg, MD) and se- Central Nervous System Lymphoma
lected with an ampicillin marker. The plasmid DNA was <CNSL was diagnosed in 14 patients whose underlying
purified with a Qiagen tip 500 (Qiagen, Chatsworth, CA) <'disorders included advanced HIV infection (12) and
and quantitated with a spectrophotometer (CECIL transplantation (2). The presenting signs and symp-
CE2401). The number of IS copies was confirmed by coarn- :toms included behavioral changes, seizures, aphasia,
plification with known amounts of EBV B95-8 DNA quan- •motor weakness, sensory abnormalities, and ataxia.

AtO4 tita"ive standards (ABI). The PCR products were separated Loss of developmental milestones was seen in children.
by agarose gel electrophoresis, stained with Vista Green, Thirteen patients had computed tomography (CT) or
scanned with a Storm instrument (Molecular Dynamics, . .i s . o theCN, w..
Sunnyvale, CA), and quantitated using Image~uant soft- mea gnetioremanc aging suse of t•h.e CN, which .5
ware. Using 1,000 IS copies 'per reactionrtube tiid dilUtions w b in.all but.one cas D . D
of the quantitative standards, a liner darionsihei, hrteeii had a norm'al noontas't CT: accompanying aphasia

input and measured DNAKwas identifined between ,00o t( and new-onset seizures. An rmagnetic resonance imag-
1,000,000 copies EBV DNA per milliliter of specimen. ing was not performed. This patient had a lymph node
DNA, extracted from clinical specimens, coamplified with biopsy, which showed non-Hodgkin lymphoma.
1,000 copies of IS per reaction tube, and quantitated by Single-photon emission CT scans were positive in three
Storm. Positive and negative controls were run with each cases and negative in one.
clinical specimen. Histopathological diagnosis was made by brain bi-

opsy in three patients. Three additional patients (PIDs
RATA Methods 2, 10, and 13) had lymphoma diagnosed on biopsies
EBV transcription of the early lytic cycle gene BZLF1 was from sites other than CNS, and one patient had both
detected by RT-PCR as previously described.2 425 CSF nu- CNS and lymph node biopsy. Only the pediatric pa-
cleic acids, purified with QIAamp viral RNA mini kit (Qia- tients had EBV-specific serology performed at CNSL
gen), were reverse transcribed and amplified using primers diagnosis: one consistent with acute infection and one
Z1 and Z2. Amplicon was detected by Southern blot using with past infection.
Z2B as a probe.

The BZLF1 target area was selected because the primers Laboratory examination of the CSF (Fig) showed F1

ZI and Z2 anneal to exon 1 and exon 3, respectively. There- pleocytosis in 10 of 14 patients, erythrocytes in 6 cases,
fore, RT-PCR typically generates two bands of 252 and and elevated protein in all cases. Glucose concentration
450kb molecular weight, corresponding to the cDNA and was normal in all but one patient who had 23l.g/dl of
the genomic DNA, respectively. The presence of genomic glucose in the CSF. The log,, EBV DNA copies per
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Table. Selected Clinical and Laboratory Characteristics of Patients with EBV-Associated Neurological Disorders

CSF EBV Underlying
Age DNA CSF Conditions/ EBV-Specific

PID Diagnosis Gender (yr) Race (copies/ml) mRNA Treatment Therapy Outcome

1 CNSL M 26 H 4,100 nd HIV/- - Fatal
2 CNSL' M 32 H 10,000 nd HIV/- Fatal
3 CNSLb M 37 W 15,000 nd HIV/HAART - Fatal
4 CNSL' M 56 H 25,540 + HIV/HAART ACV Fatal
5 CNSL M 38 W 28,000 + HIV/ART ACV Fatal
6 CNSL M 2 W 50,000 nd Heart Tx/ , IS GCV Fatal
7 CNSLb M 33 W 50,000 nd HIV/ART ACV Fatal
8 CNSLb M 65 H 58,700 + HIV/HAART - Stable
9 CNSL M 45 H 92,000 nd HIV/- ACV Fatal
10 CNSL•'b M 48 W 115,000 + HIV/HAART - Indeterminatec
11 CNSL M 25 W 152,000 nd HIV/HAART ACV Improved
12 CNSL M 32 W 270,000 + HIV/ART ACV/GCV Fatal
13 CNSLa'b M 7 W 298,300 nd Renal Tx/ ,I IS - Improved
14 CNSL M 38 W 605,000 nd HIV/- - Fatal
15 Encephalitis M 55 W 500 nd NONE ACV Improved
16 Encephalitis M 29 W 900 nd HIV/HAART - Improved
17 Encephalitis F W 8,000 - NONE - Improved
18 Encephalitis M 47 W 8,900 nd HIV/HAART - Improved
19 Encephalitis M 71 W 17,900 - Renal Tx/- - Improved
20 Encephalitis M 43 W 29,000 + HIV/HAART ACV Improved
21 Encephalitis F 35 B 40,800 + HIV/HAART ACV Improved
22 Encephalitis M 19 W 64,400 + Renal Tx/!, IS FOS Improved
23 Encephalitis M 18 W 77,000 + NONE ACV Improved
24 Encephalitis F 58 W 216,000 + Renal Tx/!, IS ACV Improved
25 ADEM M 2 H 500 nd NONE ACV Fatal
26 TRM M 7 W 500 nd NONE - Improved
27 PRMd F 43 W 1,904 nd CVID/IVIG GCV Improved
28 Guillain-Barr1 M 55 W 2,000 nd A NONE ACV Stable

EBV = Epstein-Barr virus; CSF = cerebrospinal fluid; CNSL central nervous system lymphoma; H = Hispanic; nd not done; HIV -
human immunodeficiency virus infection; W = white; HAART highIy active ART with three or more drugs including a protease inhibitor
or nonnucleoside analog; ACV = acyclovir; Tx = transplantation; IS • immunosuppression; GCV = ganciclovir; ART = antiretroviral
therapy with one or more nucleoside analogs; ADEM = acute demyelinating encephalitis; TRM = transverse myelitis; PRM = polyradicu-
lomyclitis; CVID = combined variable immunodeficiency; IVIG = intravenous immunoglobulin.
'Patients with systemic lymphoma including the central nervous system.
bPatients treated with chemotherapy and/or radiation therapy.'Outcome indeterminate because of insufficient follow-up (2 months).
dA detailed description of this cae can be found in Maydi and colleagues,2 6 Case 4.

milliliter of CSF varied bert4 ,eii 3.6 and 5.8 fish a and eranspnr=t•Sl o, ios). Si3ns and symptoms in-
mean ± standard error (SE) of 4.8 ± 0.2. cluded fever, headache, seizures, aphasia, localized mus-

Clinical management of CNSL patients varied (see cle weakness, and numbness or hyperesthesia. CT or
Table). Only 8 of the 12 HIV-infected patients re- magnetic resonance imaging were abnormal in all cases.
ceived antiretroviral therapy. In addition, six received Typical magnetic resonance findings included single or
anti-EBV antivirals and five were treated with chemo- multiple areas of increased T2 signal, often with gado-
therapy and/or radiotherapy. The clinical management linium enhancement and associated edema in the cere-
of the two transplant recipients consisted of decreased bral hemispheres and cerebellum. One patient, a renal
immunosuppression and antivirals or chemotherapy. graft recipient (PID 22) who developed clinical and ra-
Clinical conditions improved or remained stable after 2 diological abnormalities in the context of acute EBV
or more years of follow-up in two HIV-infected pa- infection by serological criteria underwent a brain bi-
tients and one transplant recipient. There was no asso- opsy, which showed areas of parenchymal and perivas-
ciation between outcome and EBV viral load (p = cular inflammation with polyclonal T-cell infiltrates,
0.37, unpaired t test). establishing the diagnosis of encephalitis.

The CSF (see Fig) leukocyte counts were elevated in
Epstein-Barr Virus Encephalitis all the patients with encephalitis and invariably showed
There were 10 patients with encephalitis (see Table). a predominance of mononuclear cells. Reactive and
Seven had impaired immunity (four HIV infections atypical lymphocytes were each described in one pa-

Weinberg et al: Quantitative CSF PCR 3
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, and 5.3 log,, DNA copies per milliliter with mean t
O SE of 4.2 t 0.3 log,0 copies per milliliter.

2.5 T Six patients received EBV-specific antiviral therapy.
The use of antivirals tended to be more common in

[t 2 patients with higher viral loads (p = 0.09, Mann-
0_ Whitney U test). This suggests an association between
,- 1.5 severity of disease and viral load, if we assume that the
o sicker patients were more likely to receive EBV-specific
C." 1 therapy. Among treated patients, signs of recovery be-

gan 2 to 7 days after initiating therapy. Two patients
.5 treated with anti-EBV antivirals, who had repeat mea-
0 L surements of EBV load in the CSF 7 and 14 days into

A CNSL Encephalitis Other therapy, respectively, showed greater than or equal to I
log,, decreases of the viral load. Two HIV-infected pa-

2.60 '_tients with encephalitis had been receiving highly active

2.40 antiretroviral therapy for 4 years when they developed
EBV encephalitis and two started highly active antiret-

; 2.20 roviral therapy after the diagnosis of EBV infection.
E Management of immunosuppressive regimens in the

S2.00 three transplant recipients varied. All patients with

S1.80 EBV encephalitis improved clinically, regardless of un-

j1.60 derlying conditions, use of EBV-specific antiviral ther-1.-0 
apy, or EBV load.1.40 -..

1.20.. Postinfectious Complications

B CNSL Encephalitis Other Four patients experienced postinfectious complications,
one each with Guillain-Barr6 syndrome, acute demy-

6 - elinating encephalitis, polyradiculomyelitis, or trans-
verse myelitis (see Table).

T -CSF examinations showed elevated leukocyte and". 5protein in three cases each, erythrocyte and normal
0
< 4.5 glucose in all cases. The EBV load varied between 2.7
z
04 and 3.3 log10 EBV DNA copies per milliliter (mean t

o SE, 3 ± 0.2 log1 0 DNA copies/ml). PIDs 25 and 26
2O3.5 - had serological evidence of acute EBV infection.

3 - All patients received immunomodulators (corticoste-
o roidsk ointravenous immunoglobulin). Three patients
> 2.5to *+also ececived atiiiikls. PNiD2> died of EBV-associated
W 2 hem.a'doc tic yn uce oafter the diagnosis of
C CNSL Encephalitis: 1"uter acute demyelinating encephalitis was established. The

Fig. Cerebrospinal fluid analysis of patients with Epstein-Barr other patients improved or remained stable.
virus (EBV) infection of the central nervous system (CNS).
Data were derived from 14 patients with CNS lymphoma Comparative Analysis of Cerebrospinal Fluid Findings
(CNSL), 10 with encephalitis, and 4 with postinfectious corn- in Patients with Epstein-Barr Virus-Associated
plications (other). Leukocyte counts (A) were significantly differ- Central Nervous System Infections
ent between CNSL and encephalitis patients (p = 0.02) but To identify correlations between CSF abnormalities
not for any other group comparisons (p > 0. 1). Protein concen- and EBV-associated neurological disorders, the results
trations (B) were not statistically different among groups (p > of EBV quantitative PCR, leukocyte, and protein were
0.1). EBV load (C) was significantly lower in patients with compared among the three diagnostic categories. EBV
postinfectious complications compared with encephalitis or load in the CSF was significantly higher in patients
CNSL (p < 0.01). The difference between CNSL and enceph- with CNSL and encephalitis versus postinfectious com-
alitis did not quite reach statistical significance (p = 0.07). plications (p < 0.01). The difference in EBV load be-WBC = white blood cell (leukocyte)plctos(<0.1.TedfrneinEVoab-

tween patients with CNSL and encephalitis was not
tient. Erythrocytes were present in five cases. The CSF significant, although patients with CNSL had fewer
protein was elevated and glucose was normal in all CSF leukocyte (p = 0.02). Protein levels were statisti-
cases. The EBV load in the CSF varied between 2.7 cally similar among all groups.
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Regression analysis was used to determine correla- mation associated with encephalitis, and low viral rep-

tions of EBV load in the CSF with leukocyte counts. lication and vigorous inflammation associated with

There was a significant inverse correlation between postinfectious complications.

EBV load and leukocyte across all diagnostic categories Antivirals active against EBV were used in some pa-

(p = 0.04), which argues against the hypothesis that tients, but their use did not affect the outcome of the

EBV in CSF resulted solely from latent viral DNA disease. However, a selection bias favoring the use of

present in infiltrating lymphocytes. When patients with antivirals in the sickest population might have oc-

encephalitis were separately analyzed, the inverse corre- curred. This is suggested by the fact that, among pa-

lation between EBV load and leukocyte almost reached tients with encephalitis, the use of acyclovir and gan-

significance (p = 0.08), suggesting that the inflamma- ciclovir was more common in individuals with high

tory infiltrate might contribute to viral clearance, viral loads. This observation also might indicate an as-

sociation between high CSF EBV load and severity of
Identification of mRNA Corresponding to a Lytic clinical manifestations, if we assume that physicians

Cycle Gene in the Cerebrospinal Fluid were more likely to treat sicker patients. Of note, the

Twelve CSF samples were tested by RT-PCR for tran- CSF EBV load decreased in the two encephalitis pa-

scription of the lytic cycle gene BZLF1. Ten samples, tients whose CSF was tested after 7 and 14 days of

equally distributed between CNSL and encephalitis pa- treatment, respectively, suggesting that the drugs inhib-

tients, which contained 4.5 to 5.8 log10 EBV DNA ited the viral replication.

copies per milliliter, showed evidence of mRNA syn- The presence of lytic cycle mRNA in the CSF in all

thesis indicating active EBV replication in the CNS. In 10 patients in whom this could be analyzed indicated

the remaining two samples, both DNA and RNA am- that EBV was actively replicating in the CNS. This re-

plification failed, indicating decreased sequence homol- sult is consistent with a lack of correlation between

ogy between the primers the template and/or DNA CSF EBV viral load and CSF leukocyte, which

copy number below the analytical sensitivity of the strongly suggests that the EBV DNA detected by PCR

test. was from actively replicating virus and not just latent

Discussion EBV DNA carried in inflammatory cells. Actively rep-

D s of. the estalishedtheasociatono licating EBV in the CNS may have resulted from ei-
neurolo ical disorders with EBV in the abs•ncei of : ther de novo infection or reactivation of latent virus.

neurlgia d ..ior .Me st eBVpion thebneuof Because EBV does not become latent in neurons or
acute EBV infection. Most descriptions of then other nonlymphoid cells, if CNS infection follows

lithacal complinfcations " of EB nreased only childre EBV reactivation, it is likely that this occurs at extra-
wit.auteEo .1t oy 1% neural sites with subsequent spread of virus to CNS by

our patients were children, despite the fact that users of :. t .c

the laboratory for EBV PCR includeJailar .I It has been suggested previously that EBV encephalitis
of adult and pediatric health care facilities. 'this pre- was a

pdene fBwas a consequence of cytotoxic T-lymphocyte-mediated
differs from previous repprts, could be wrtiallya tissue destruction..3 0 In this series, two patients with
cibfeds tom thehig s n eport o b•tim i a .. ... a.. encephalitis had CSF atypical lymphocytes, consistent
cribed to the high numb'wer, of timmuu eoe m omted: <with ?cyttoxic T lymiphocytes. Furthermore, EBV loadpatients in our study. Hogwever, aU thee immLf'nuom-::

petent patients with EBV encephalitis were older than decreased with higher Ikocyte counts, suggesting a

18 years of age. Other investigators have also recently role of the inflammatory cells in viral clearance. These

described isolated cases of EBV encephalomyelitis in data taken collectively indicate that patients with severe

adults with serological evidence of EBV reactiva- EBV encephalitis might benefit from combined antivi-

AQ 6 tion. 27- 29  ral and T-cell immunosuppressive therapy.

CSF analysis showed significant differences among

diagnostic categories for EBV load and leukocytes. Pa-

tients with CNSL had high CSF EBV load in the pres- This study was supported by grants from National Institute of

ence of low leukocyte counts. Patients with encephalitis Child Health and Human Development and AIDS Clinical Trials

also had relatively high EBV load, but this was associ- Group (A.W.) and by grants from the Department of Defense, De- AQ. 7

ated with higher leukocyte than in patients with partment of Veterans Affairs, and the Reuler-Lewin Family Profes-

CNSL. Patients with postinfectious complications of sorship of Neurology (K.L.T.).

EBV infection had a low EBV load associated with a We thank Drs Judith Anderson, Asad Ansari, Michelle Barron, Wil-

relatively high leukocyte. These CSF patterns suggest liam Burman, David Cohn, Steven Johnson, Marie Landry, Joseph

the following pathogenic scenarios: rapid cellular and Nania, and Wheat Williams for referring the patient specimens and
providing the clinical information, and Dr Myron Levin for critical

viral turnover with limited inflammatory response in review of the manuscript.

CNSL, intense viral replication and vigorous inflam-

Weinberg et al: Quantitative CSF PCR 5



tapraid5/ay-aon/ay-aon/ayl2O2/ayO678dO2a I martink S=6 17/18/02 19:20 1 Art: 0341 R

References 16. Joncas JH, Chicoine L, Thivierge R, et al. Epstein-Barr virus
1. Connelly KP, DeWitt LD. Neurologic complications of infec- antibodies in the cerebrospinal fluid: a case of infectious mono-

tious mononucleosis. Pediatr Neurol 1994;10:181-184. nucleosis with encephalitis. Am J Dis Child 1974;127:
2. Cotton MF, Reiley T, Robinson CC, et al. Acute aqueductal 282-285.

stenosis in a patient with Epstein-Barr virus infectious mono- 17. Bray PF, Culp KW, McFarlin DE, et al. Demyelinating disease
nucleosis. Pediatr Infect Dis J 1994;13:224-227. after neurologically complicated primary Epstein-Barr virus in-

3. Anderson MD, Kennedy CA, Lewis AW. Retrobulbar neuritis fection. Neurology 1992;42: 278-282.
complicating acute Epstein-Barr virus infection. Clin Infect Dis 18. Paskavitz JF, Anderson CA, Filley CM, et al. Acute arcuatC fi-
1994;18:799-801. ber demyclinating encephalopathy following Epstein-Barr virus

4. Tsutsumi H, Kamazaki H, Nakata S, et al. Sequential develop- infection. Ann Neurol 1995;38:127-131.

ment of acute meningoencephalitis and transverse myelitis 19. Cinque, P, Vago L, Dahl H, et al. Polymerase chain reaction

caused by Epstein-Barr virus during infectious mononucleosis, on cerebrospinal fluid for diagnosis of virus-associated opportu-

Pediatr Infect Dis J 1994;13:665-667. nistic diseases of the central nervous system in HIV-infected

5. Connolly M, Junker AK, Chan KW, et al. Cranial neuropathy, patients. AIDS 1996;10:951-958.

polyneurophathy and thrombocytopenia with Epstein-Barr vi- 20. D'Arminio Monforte A, Cinque P, Vago L, et al. A comparison
rus infection. Dev Med Child Neurol 1994;36:1010-1015. of brain biopsy and CSF-PCR in the diagnosis of CNS lesionsrus infection.SDevaMednChidJNeurool191997;244:35-39.

6. Grose C, Henle W, Henle G, et al. Primary Epstein-Barr virus in AIDS patients. J Neurol 1997;244:35-39.
21. Pedneault L, Katz BZ, Miller G. Detection of Epstein-Barr vi-infections in acute neurologic diseases. N Engl J Med 1975;

292:392-395. rus in the brain by the polymerase chain reaction. Ann Neurol

7. Alpert G, Fleisher GR. Complications of infection with 1992;32:184-192.
Epstein-Barr virus during childhood: a study of children admit- 22. Weinberg A, Spiers D, Cai GY, et al. Evaluation of a commer-Eptei vo heosirus PdurIng c ch iho:astudy of children0admit- cial polymerase chain reaction kit for the diagnosis of CMV
ted to the hospital. Pediatr Infect Dis J 1984;3:304-307. infection of the central nervous system. J Clin Microbiol 1998;

8. Hochberg IH, Miller G, Schooley RT, et al. Central-nervous- 11:3382-3384.
system lymphoma related to Epstein-Barr virus. N Eng! J Med 23. Weinberg A, Hodges TN, Li S, et al. A comparison of poly-
1983;309:745-748. merase chain reaction, antigenemia and rapid blood culture for

9. Cinque P, Brsytting M, Vago L, et al. Epstein-Barr virus DNA the detection and prevention of cytomegalovirus disease after
in cerebrospinal fluid from patients with AIDS-related primary lung transplantation. J Clin Microbiol 2000;38:768.
lymphoma of the central nervous system. Lancet 19 9 3j3 2 : 24 Zhang JX, Chen HL, Zong YS, et al. Epstein-Barr virus expres-
398.401. .. sion within keratinizing nasopharyngeal carcinoma. J Med Virol

10. Meerbach A, Gruhn B, Egerer R, et al. Semiquanticative PCR 1998;55:227-233.
analysis of Epstein Barr virus DNA in clinical samples of pa- 25. Chen HL, Lung ML, Chan KH, et al. Tissue distribution of
tients with EBV-associated diseases. J Med Virol 2001;65: Epstein-Barr virus genotypes. J Virol 1996;70:7301-7305.
348-357. 26. Majid A, Galett SL, Sweeney CJ, et al. Epstein-Barr virus my-

11. Jones JL, Hanson DL, Dworkin MS, et al. Effect of antiretro- eloradiculitis and ecephalomyeloradiculitis. Brain 2002; 125:
viral therapy on recent trends in selected cancers among HIV- 159-165. -

infected persons. J Acquir Immune Defic Syndr 1999; 27. Imai S, Usui N, Sugiura M, et al. Epstein-Barr virus genomic
21(suppl):l 1-17. sequences and specific antibodies in cerebrospinal fluid in chil-

12. Buchbinder SP, Holmberg SD, Scheer S, et al. Combination dren with neurologic complications of acute and reactivated
antiretroviral therapy and incidence of AIDS-related malignan- EBV infections. J Med Virol 1993;40:278-284.
cies. J Acquit Immune Defic Syndr 1999;21(suppl5:23-25. 28. Bray PF,,Culp KW, McFarlin DE, et al. Demyelinating disease

13. Palella FP Jr, Delaney KM, Moorman AC, et al. Declining after neurologically complicated primary Epstein-Barr virus in-
morbidity and mortality among patients with advanced human f:ction. Neurology 1992;42:278-282.
immunodeficiency virus infecton. New EnglI Ned 1998;338: 29. TeisýI , Duman R, Storch GA, ec al. Epstein-Barr virus en-
853-e860. -> . -- , ceihao ynIids diagssosed;•by. pnoly ase chain reaction: detec-

14. Halsted CC, Chang R$.;rifec' ]us m1iso deosis idn tion w(' : genorite i •oS• , " SF. Neurology 1997;48:
encephalitis: recovery of ]Eý firdispspa of uidrE.j R , 1351-135 <,

1979;64:257-258. 30. Lehrnbecher T, Chittka B, Nanan R, et al. Activated T lym-
15. Schiff JA, Schaefer JA, Robinson JE. Epstein-Barr virus in ce- phocytes in the cerebrospinal fluid of a patient with Epstein-

rebrospinal fluid during infectious mononucleosis encephalitis. Barr virus-associated meningoencephalitis. Pediatr Infect Dis J
Yale J Biol Med 1982;55:59-63 1996;15:631-632.

6 Annals of Neurology Vol 52 No 3 September 2002


